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Summary
The Minimal Supersymmetri Standard Model is the most promising extension of the Standard Model.
On the other hand, the Standard Big Bag Cosmology ombined with ination provides a onsistent
piture for the universe evolution. The ombination of these two theories an suessfully address the
Cold Dark Matter problem. Indeed, the Lightest Supersymmetri Partile is the most plausible Cold
Dark Matter andidate.
In this thesis, we alulate the osmologial reli density of a Bino-like Lightest Supersymmetri
Partile in the framework of the Minimal Supersymmetri Standard Model. We inlude annihilation
and oannihilation eets of the Bino with the lightest stau and other sleptons, whih happen to have
omparable masses with it. Coannihilation turns out to be of ruial importane for reduing the Bino
reli density to an aeptable level. Requiring the Bino reli density to be in the osmologially allowed
region, derived from the mixed or the pure (in the presene of a nonzero osmologial onstant) Cold
Dark Matter senarios for large sale struture formation in the universe, one an restrit the relative
mass splitting between the Lightest and the Next-to-Lightest Supersymmetri Partile. Phenomenologial
onstraints, also, result from the inlusion of the supersymmetri orretions to the CP-even Higgs boson
and b-quark masses and the branhing ratio of b ! s. We impose these onstraints on the parameter
spae of two versions of the Minimal Supersymmetri Standard Model, employing radiative eletroweak
breaking with universal boundary onditions and gauge oupling uniation.
In the rst version of the model we assume Yukawa oupling uniation and boundary onditions from
gravity-mediated supersymmetry breaking. For  < 0, the branhing ratio of b! s is ompatible with
data but the b-quark mass after inluding supersymmetri orretions exeeds the experimental limits.
The Bino mass an range between 215 GeV and 770 GeV with the lightest stau mass being 8-0% larger.
For  > 0, the predited b-quark mass is experimentally aeptable and there is a sizable fration of the
parameter spae allowed by b! s, where Bino reli density is below the upper bound from Cold Dark
Matter onsiderations.
In the seond version of the model we assume boundary onditions from the Horava-Witten Theory
and restrit the parameter spae by simultaneously imposing the phenomenologial and osmologial
onstraints. Complete and t   b Yukawa uniation an be exluded. Also, b    Yukawa uniation is
not so favored sine it, generally, requires almost degenerate lightest and next-to-lightest spartile masses.
The no Yukawa uniation ase is the most natural one sine it an avoid this degeneray. The lightest
spartile mass an range between 70 GeV and 670 GeV with the lightest stau mass being 93-0% larger.
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a, h kajod ghs  tou kat th dirkei th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proèrqontai apì ti upersummetrikè diorj¸sei twn maz¸n tou b-quark kai twn mpozonwn Higgs kaj¸
kai apì ton anhgmèno lìgo th diadikasa b ! s. To plasio melèth efarmìzetai se dÔo ekdoqè
tou Elqista UpersummetrikoÔ Kajierwmènou ProtÔpou me pagkìsmie arqikè sunj ke, enopohsh
twn zeÔxewn Bajmda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 summetra mèsw kbantik¸n diorj¸sewn. Sthn
pr¸th ekdoq  tou protÔpou oi arqikè sunj ke proèrqontai apì thn katrreush th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jetai enopohsh twn zeÔxewn Yukawa. H mza tou Bino mpore na kumanetai apì 215 GeV w 770
GeV me th mza tou amèsw barÔterou stau na mpore na enai apì 8-0% megalÔterh. H sumbatìthta twn
fainomenologik¸n periorism¸n, pou proèrqontai apì th mza tou b-quark kai tou anhgmènou lìgou th
diadikasa b! s, epsh, elègqetai. Sth deÔterh ekdoq  tou protÔpou oi arqikè sunj ke proèrqon-
tai apì th Jewra Horava-Witten kai exetzetai h tautìqronh ikanopohsh twn fainomenologik¸n kai
kosmologik¸n periorism¸n me pl rh, merik    mh enopohsh twn zeÔxewn Yukawa. H pl rh kai h b  t
enopohsh mporoÔn na aporrifjoÔn en¸ h b    apaite sqedìn apìluto ekfulismì twn maz¸n tou Bino
me to elafrÔtero stau. H pio fusik  perptwsh enai h mh enopohsh twn zeÔxewn Yukawa, kat th opoa
h mza tou elafrìtatou spartile mpore na kumanetai apì 70 GeV w 670 GeV me th mza tou amèsw
barÔterou spartile na mpore na enai apì 93-0% megalÔterh.
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Keflaio 1
Eisagwg 
O ttlo th didaktorik  diatrib  pou parousizetai, enai Fainomenologa kai Kosmologa twn Uper-
summetrik¸n Enopoihmènwn Jewri¸n Bajmda. O ttlo ja  tan pio akrib  an anaferìtan h tautìth-
ta twn jewri¸n bajmda pou elègqontai kai ta fainomenologik kai kosmologik krit ria pou qrhsi-
mopoioÔntai. H paroq  aut¸n twn epexhghmatik¸n dieukrin sewn kaj¸ kai h parousash th dom  tou
keimènou enai o skopì autoÔ tou eisagwgikoÔ shmei¸mato.
Shmeo ekknhsh kje newterismoÔ sth SÔgqronh Fusik  Stoiqeiwd¸n Swmatidwn enai to Kajier-
wmèno Prìtupo (: SM). Kajierwmèno w koin apodektì. Baszetai sti peiramatik elegmène jewre
twn hlektromagnhtik¸n (QED), twn asjen¸n (jewra Fermi) kai twn isqur¸n allhlepidrsewn (QCD).
To pr¸to edo allhlepdrash eujÔnetai gia diadikase metaxÔ hlektrik fortismènwn swmatwn, to
deÔtero gia th metatrop  netronwn se protìnia kai to trto gia diadikase metaxÔ adronwn, swmat-
wn me forto qr¸mato. H epituqa tou SM sunstatai se dÔo kurw shmea: Eptugqnetai mia koin 
perigraf  kai twn tri¸n allhlepidrsewn me qr sh ma lagkrazian  analowth ktw apì thn topik 
summetra SU(3)

SU(2)
L
U(1) kai epilÔetai to prìblhma th epanakanonikopoihsimìthta th jewra
twn asjen¸n allhlepidrsewn me to mhqanismì Higgs, kat ton opoo merik apì ta mpozìnia bajmda
efodizontai me mza me tautìqronh katrreush th arqik  summètria sthn SU(3)

 U(1)
EM
. O
mhqanismì Higgs den èqei epibebaiwje pl rw, giat problèpei thn Ôparxh bajmwtoÔ swmatou to opoo
den èqei parathrhje akìma. Ektì apì to swmtio autì, met thn prosftw epiteuqjesa anqneush kai
tou top quark, ìlo to upìloipo swmatidiakì fsma tou SM èqei epalhjeute peiramatik. Autì dome-
tai apì fermionik peda Ôlh (leptìnia kai quarks diatetagmèna se trei geneè) kai tou mpozonikoÔ
diadìte twn allhlepidrsewn.
Par thn adiamfisb thta shmantik  epituqa tou SM, enai koin apodektì ìti den mpore na apotelèsei
thn telik  apnthsh sta probl mata th Fusik  Stoiqeiwd¸n Swmatidwn. H barÔthta den perièqetai
kajìlou sto formalismì kai h enopoihmènh eikìna pou prosfèretai gia thn perigraf  twn upolopwn
allhlepidrsewn enai yeudepgrafh, afoÔ oi stajerè zeÔxh pou sqetzontai me ti allhlepidrsei
autè enai diaforètikè metaxÔ tou. Me skopì thn rsh tou deÔterou meionèkthmato diatup¸jhkan oi
Megalo-Enopoihmène Jewre Bajmda (: GUT). Oi jewre autè baszontai se omde summetra oi
opoe perièqoun aut  tou SM. Me th uiojèthsh kpoia apì autè ti omde summetra enai dunatìn
se uyhl  klmaka enèrgeia, M
G
 10
16
GeV, na epiteuqje h perigraf  kai twn tri¸n allhlepidrsewn
me thn dia stajer zeÔxh. Me thn katrreush th arqik  summetra mpore kane na katal xei se
aut  tou SM kai me thn qr sh twn exis¸sewn omda epanakanonikopohsh h arqik  stajer zeÔxh
mpore na exelhqje sti stajerè zeÔxh tou SM.
H idèa aut  enai elkustik  all parousizei dÔo leitourgik probl mata:
 To prìblhma th ierrqhsh (hierarhy) twn maz¸n. Emfanzetai èna energeiakì qsma anmesa
sthn klmaka tou SM M
Z
 10
2
GeV kai sthn M
G
qwr thn prìbleyh nèwn swmatidwn. Epi-
plèon allhlodiagrafè th txh twn M
G
apaitoÔntai sto plasio tou mhqanismoÔ th epanakanon-
ikoposh. Kai ta dÔo aut fainìmena jewroÔntai afÔsika.
 To prìblhma th enopohsh twn stajer¸n zeÔxh. Diforoi èlegqoi akribea èdeixan ìti h exèlixh
twn stajer¸n zeÔxh me to swmatidiakì perieqìmeno tou SM den sugklnei sto M
G
.
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Kai ta dÔo aut probl mata dieujetoÔntai kat trìpo ikanopoihtikì sto plasio tou Elqistou Uper-
summetrikoÔ Kajierwmènou ProtÔpou (MSSM). Lègetai upersummetrikì giat perièqei se kje swmtio
(fermiìnio   mpozìnio) tou SM èna upersummetrikì sÔntrofo (mpozìnio   fermiìnio antstoiqa) kai
elqisto giat perièqei ton elqisto arijmì apì tètoia epiplèon swmtia.
Me bsh ta epiqeir mata pou ektèjhkan parapnw, uprqei mia arket stèraih aitiolìghsh th epi-
log  tou MSSM w jewra anafor sth diatrib  aut . Mia parousash tou protÔpou autoÔ ja
epiqeirhje sto Keflaio 2. 'Emfash ja doje sto swmatidiakì fsma pou ja apotelèsei kai to pedo
èreuna sth sunèqeia.
To deÔtero adieukrnisto er¸thma tou ttlou th diatrib  enai oi fainomenologiko periorismo pou
ja epiblhjoÔn sto epilegmèno swmatidiakì prìtupo. Auto ektjentai sto Keflaio 3 kai proèrqontai
apì ti diorj¸sei pou lambnoun oi mze twn fermionwn kai twn Higgs th jewra kaj¸ kai apì
thn diadikasa b ! s. Parousizetai analutik to tupolìgio pou ja efarmoste proerqìmeno apì th
sÔgqronh bibliografa.
Parllhla me to swmatidiakì uprqei kai èna Kajierwmèno Kosmologikì Prìtupo (: SBB), to opoo
ja apotelèsei th bsh twn kosmologik¸n anazht sewn th diatrib . Sthn perigraf  tou protÔpou autoÔ
enai afierwmèno to Keflaio 4. Se autì jemeli¸netai h susqètish twn GUT me thn kosmologa, kaj¸
enèrgeie th txh th M
G
mporoÔn na epiteuqjoÔn sto polÔ pr¸imo SÔmpan. H idèa tou PlhjwrismoÔ
epsh parousizetai kaj¸ h eisagwg  tou jewretai anagkaa gia th jerapea kpoiwn atelei¸n pou
emfanzei h arqègonh morf  tou SBB.
Sto Keflaio 5 brskei apnthsh to trto jèma tou ttlou th diatrib . To kosmologikì prìblhma
pou diereuntai enai autì th Skotein  'Ulh. H Ôparxh mia tètoia morf  Ôlh enai anagkaa gia
thn ermhnea th epipedìthta tou sÔgqronou SÔmpanto. To MSSM efodiasmèno me thn R-summetra
diajètei ènan kal aitiologhmèno upoy fio gia th lÔsh tou probl mato th Skotein  'Ulh. Enai to
elafrìtato upersummetrikì swmtio (: LSP) to opoo lìgw th prohgoÔmenh summetra enai eustajè
kai asjen¸ allhlepidrìn. Ta senria dom  th Skotein  'Ulh parèqoun perioristik ìria gia thn
parmetro kosmologik  puknìthta (: CRD) twn LSP. H mèjodo upologismoÔ th paramètrou aut ,
sumperilambnonta diadikase allhlokatastrof  (: ANE) kai suggenik  katastrof  (: CAE),
ektjetai leptomereiak, me efarmog  se LSP morf  Bino. To shmeo autì enai to pio kentrikì th
diatrib , giat parousizontai analutik apotelèsmata prwtìtupwn upologism¸n pou sumblloun ston
akrib  prosdiorismì th CRD.
H arijmhtik  ulopohsh twn ide¸n pou anaptÔqjhkan parapnw perigrfetai sth sunèqeia th di-
atrib . To plasio melèth efarmìzetai se dÔo èkdoqè tou MSSM me pagkìsmie arqikè sunj ke
gia tou ìrou asjenoÔ parabash th upersummetra, enopohsh twn zeÔxewn Bajmda kai parab-
ash th hlektrasjenoÔ summetra mèsw kbantik¸n diorj¸sewn. Sto Keflaio 6 melettai mia ekdoq 
tou MSSM me pagkìsmie arqikè sunj ke proerqìmene apì thn katrreush th UperbarÔthta kai
enopohsh twn zeÔxewn Yukawa. Brsketai h perioq  tou parametrikoÔ q¸rou pou ikanopoie tou kos-
mologikoÔ periorismoÔ. Epsh diereuntai h sumbatìthta twn fainomenologik¸n periorism¸n. Sto
Keflaio 7 melettai mia ekdoq  tou MSSM me arqikè sunj ke proerqìmene apì th jewra Horava-
Witten. Exetzetai h tautìqronh ikanopohsh twn fainomenologik¸n kai kosmologik¸n periorism¸n me
pl rh, merik    mh enopohsh twn zeÔxewn Yukawa. Ta sumpersmata sta opoa od ghse h èreuna twn
protÔpwn aut¸n sunoyzontai sto Keflaio 8.
Oi anaforè pou ousiastik sunèbalan sth melèth tou jèmato th diatrib  ektjentai sth sunè-
qeia tou keimènou. Protim jhke h epilegmènh parousash par h sunolik  katagraf  th swrea twn
dhmosieÔsewn pou kukloforoÔn sqetik me to meletoÔmeno antikemeno.
Gia thn kalÔterh taxinìmhsh tou ulikoÔ th diatrib  egne h epilog  th dirjwsh tri¸n Pararth-
mtwn. Sto Parrthma Aþ ektjentai oi exis¸sei epanakanonikopohsh pou qrhsimopoi jhkan sto
arijmhtikì prìgramma. Oi kanìne Feynman kai oi sumbsei pou sunodeÔoun thn efarmog  tou, kaj¸
kai tra paradegmata twn analutik¸n upologism¸n pou èginan sto plasio th diatrib  parousizontai
sto Parrthma Bþ. Tèlo, pro dieukìlunsh tou anagn¸sth, jewr jhke skìpimh h sunolik  katagraf 
twn akronumwn pou orzontai kat th dirkeia ro  tou keimènou, sto Parrthma Gþ.
Keflaio 2
Elqista Upersummetrikì
Kajierwmèno Prìtupo
2.1 Eisagwg 
Enai pèra apì tou skopoÔ aut  th ergsia h melèth th Upersummetra. Ja epiqeirhje ìmw, mia
periektkh eisagwg  pou ja exoplzei ton anagn¸sth me thn upodom  pou qreizetai, gia na parakolou-
j sei pio aneta thn parousash tou Elqista UpersummetrikoÔ Kajierwmènou ProtÔpou (: MSSM)
pou einai o kurw stìqo tou kefalaou autoÔ. Sthn prospjeia aut  polÔtimh up rxe h empeira
pou apokomsjhke apì th melèth twn antstoiqwn kefalawn palaiìterwn didaktorik¸n diatrib¸n twn
An. [1℄, [2℄ kai [3℄. Epsh, pollè enai oi qr sime episkop sei pou kukloforoÔn sto diadÔktio sqetik
me toMSSM apì ti opoe pio qr sime jewroÔntai oi An. [4℄, [5℄, [6℄, [7℄ kai [8℄. W pio paidagwgik  ìmw
axiologetai h An. [9℄. Oi sumbsei, ìqi ìmw pl rw kai o sumbolismì, pou uiojet jhkan enai autè
th An. [11℄, oi opoe brskontai se mesh susqètish me ti qrhsimopoioÔmene apì ti An. [12℄, [13℄.
To keflaio arqzei me thn katagraf  twn qarakthristik¸n mia Upersummetrik  Jewra Bajmda
sto Ed. 2.2 kai sth sunèqeia h melèth exeidikeÔetai sthn perptwsh tou MSSM. Sto Ed. 2.3 gnetai o
kajorismì tou protÔpou, sto Ed. 2.4 melettai o mhqanismì Higgs, sto Ed. 2.5 exgetai to SUSY
fsma tou protÔpou kai tèlo sto Ed. 2.6 exetzetai h basik  allhlepdrash pou ja qrhsimopoihje sth
sunèqeia th diatrib .
2.2 Upersummetrikè Jewre Bajmda
Stìqo den enai h jewrhtik  jemelwsh th upersummetra all h efarmog  th prokÔptousa jewra
se qamhl  klmaka enèrgeia. Ja epiqeirhje mia akrobasa anmesa sthn perigrafik  eisagwg  twn
aparathtwn ennoi¸n kai sthn posotik  èkfrash kpoiwn apotelesmtwn pou efarmìzontai eÔkola sthn
perptwsh tou MSSM. Eidikìtera sto Ed. 2.2.1 eisgontai oi arqikè ènnoie th SUSY kai sth sunèqeia
h melèth ma prosanatolzetai se èna genikeumèno SUSY prìtupo efodiasmèno me mia topik  summetra
bajmda. Sto Ed. 2.2.2 parousizetai h lagkrazian  tou protÔpou autoÔ, sto Ed. 2.2.4 ektjentai oi
dunato ìroi parabash th SUSY pou dÔnantai na katastsoun th lagkrazian  aut  fainomenologik
endiafèrousa kai sto Ed. 2.2.5 dnetai h mèjodo exagwg  tou swmatidiakoÔ fsmato. Paremblletai
to Ed. 2.2.3, sto opoo skiagrafetai h lÔsh tou probl mato th ierrqhsh.
2.2.1 Eisagwg  th SUSY
H upersummetra (: SUSY) enai mia summetra pou susqetzei fermiìnia kai mpozìnia. O pio prowjhmèno
trìpo eisagwg  th enai me thn qr sh th ènnoia tou Uperq¸rou. Sto tèlo mia arket polÔplokh
diadikasa enai se jèsh kane na kataskeusei lagkrazianè, oi opoe enai anallowte ktw apì
tou SUSY metasqhmatismoÔ kai perièqoun ton dio arijmì mpozonwn kai fermionwn. H porea aut 
ja epiqeirhje na perigrafe me ta paraktw shmea:
3
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a. Uper-lgebra (Superalgebra). Kjw h SUSY enai mia summetra ja prèpei na anazhthjoÔn oi
genn tore pou ja pargoun tou SUSY metasqhmatismoÔ. Epeid  auto ja prèpei na metasqh-
matzoun swmtia me diaforetikì spin èpetai ìti den ja mporoÔn na metatjentai me tou genn tore
twn strof¸n M

th omda Poinare. H omda aut  ulopoie th summetra, pou sèbetai h K-
bantik  Jewra Pedou kai èqei genn tore tou P

; M

, ìpou P

o gen tora twn qwroqronik¸n
metatopsewn. Epìmenw, uprqei mia eidopoiì diafor anmesa sth SUSY kai sti gnwstè sum-
metre bajmda, oi genn tore twn opown metatjentai me tou P

; M

. Epiplèon, to je¸rhma
Coleman-Mandula apagoreÔei thn Ôparxh mia metajetik  lgebra (Lie) gia stoiqea pou den
metjentai me tou P

; M

. Epomènw, oi genn tore th SUSY upakoÔoun se mia anti-metajetik 
lgebra (kai ìqi metajetik ) pou onomzetai Uper-lgebra. Enai, dhlad , spinoriak kataskeu-
smata kai sun jw sumbolzontai Q

kai

Q
_
(ìpou  = 1; 2 dekte Weyl spinor). O P
2
suneqzei
na metatjetai me tou genn tore th SUSY prgma pou shmanei ìti h metatrop  fermionou se
mpozìnio kai to antstrofo den ja sunodeÔetai me metabol  mza. Epsh oi genn tore twn
summetri¸n bajmda (topik¸n   olik¸n) metatjentai me tou Q

,

Q
_
prgma pou shmanei ìti
oi upersummetriko sÔntrofoi ja èqoun tou diou kbantikoÔ arijmoÔ pou sqetzontai me ti
summetre autè (hlektrikì forto, asjenè uperforto, qr¸ma)
b. Uper-q¸ro (Superspae). Oi Q

,

Q
_
kai P

dhmiourgoÔn mia omda summetra, pou dometai apì
metasqhmatismoÔ me paramètrou pou zoun ston uperq¸ro 8 diastsewn: (x

; 

;


_
), ìpou 

;


_
enai antimetatijèmene metablhtè (Grassmann) pou episunptontai stou Q

,

Q
_
. Axiopoi¸nta
th dom  th omda pou diajètoun auto oi metasqhmatismo mpore na breje h diaforik  anapar-
stash twn Q

kai

Q
_
kai epomènw, mpore na epiteuqje o upologismì twn SUSY metasqhma-
tism¸n pnw se (uper-)peda.
g. Uperpedo (Supereld). Sunart sei me pedo orismoÔ ton uperq¸ro onomzontai uperpeda. Ana-
ptÔssontai se polu¸numa twn 

;


_
me suntelestè peda, sunart sei tou x

. Profan¸ to
anptugma se dunmei twn 

;


_
stamat se tetragwnikoÔ ìrou, giat lìgw th morf  Grass-
mann aut¸n twn metablht¸n an¸terh txh ìroi mhdenzontai. Epomènw mpore na eipwje pio
aplopoihtik oti ta uperpeda enai sÔnola apì peda pou antiproswpeÔoun swmtia diaforetikoÔ
spin. Eisgontai dÔo edh uperpedwn :
 Uperpedo qeirallìthta (hiral), pou sunstatai apì èna fermionikì pedo dÔo Weyl suni-
stws¸n kai ton SUSY etaro tou, èna migadikì bajmwtì pedo, pou onomzetai sfermion.
Epomènw, ta uperpeda qeirallìthta qrhsimopoioÔntai gia thn anaparstash twn pedwn
Ôlh sti SUSY jewre.
 Dianusmatikì uperpedo, pou sunstatai apì èna dianusmatikì mpozonikì pedo kai ton SUSY
etaro tou, èna fermionikì pedo dÔo Weyl sunistws¸n pou onomzetai gaugino. Epomènw,
ta dianusmatikì uperpeda qrhsimopoioÔntai gia thn anaparstash twn pedwn bajmda sti
SUSY jewre.
Kai sti dÔo peript¸sei pou proanafèrjhkan ektì apì ti fusikè sunist¸se uprqoun kai
kpoie bohjhtikè. Oi exis¸sei knhsh twn pedwn aut¸n den perièqoun qronikè parag¸gou,
qrhsimopoioÔntai, ìmw, gia thn exswsh twn mpozonik¸n kai fermionik¸n bajm¸n eleujera enì
uperpedou kai metèqoun sti ekfrsei twn SUSY metasqhmatism¸n twn llwn sunistws¸n tou
uperpedou.
d. Uperdunamikì (Superpotential). Mia poluwnimik  sunrthsh twn uperpedwn onomzetai uper-
dunamikì. O qarakt ra kai oi idiìthte th sunrthsh aut  kajorzontai apì to formalismì
twn uperpedwn. Paraktw katagrfontai oi idiìthte autè qwr idiaterh aitiolìghsh:
 Enai analutik  sunrthsh twn uperpedwn, den epitrèpetai na perièqei ìrou me parag¸gou.
 Enai sunrthsh mìno uperpedwn qeirallìthta kai mlista den epitrèpetai na perièqei èna
uperpedo qeirallìthta kai to migadikì   ermhtianì suzugè tou (olomorfik  idiìthta kat
thn orologa th An. [6℄).
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 Perièqei ìrou me dÔo kai tra uperpeda. 'Oro me èna uperpedo den eisgetai giat den
mpore na d¸sei endiafèronte fainomenologik ìrou (kinhtik  enèrgeia   allhlepdrash)
en¸ ìroi me perissìtera apì tra uperpeda dnoun jewra mh epanakanonikopoi simh.
'Opw ja fane kai sto Ed. 2.2.2, apì to uperdunamikì prokÔptoun oi F ìroi gia to dunamikì
th jewra kai oi ìroi twn allhlepidrsewn Yukawa twn fermionwn me tou mpozonikoÔ tou
suntrìfou, prgma pou sunist thn pio shmantik  kainotoma twn SUSY jewri¸n. Sunep¸, to
uperdunamikì apotele thn tautìthta mia SUSY jewra afoÔ me ton kajorismì tou, kajorzontai
kai ta basik qarakthristik th jewra aut .
Exoplismèno kane me ìla aut ta sÔnerga enai se jèsh na kataskeusei SUSY anallowte dr-
sei. Ja prèpei na oloklhr¸nei qwrik, (dhlad  me ìrisma olokl rwsh to d
4
x) ma èkfrash gia th
lagkrazian , th opoa o SUSY metasqhmatismì na enai olik  pargwgo. Tìte h drsh th metasqh-
matismènh lagkrazian  ja mhdenzetai. H apathsh, epsh th epanakanonikopoihsimìthta th jewra
odhge sqedìn nomoteliak sthn kataskeu  sugkekrimènh morf  drsewn. Oi arqikè autè morfè pou
enai ekfrasmène sth gl¸ssa twn uperpedwn mporoÔn na metafrastoÔn sth gl¸ssa twn sunistws¸n
kai me ton trìpo autì na prokÔyei mia eÔlhpth SUSY jewra.
H porea pou akolouje kane sthn melèth aut¸n twn jewri¸n enai h ex . Arqik, melettai
to prìtupo Wess Zumino to opoo apoteletai mìno apì peda Ôlh. Epomènw, h jewra pou prokÔptei
perièqei so arijmì mpozonwn kai fermionwn me allhlepdrash epaf  qwr ìmw forèa allhlepdrash.
Sth sunèqeia melettai mia SUSY hlektrodunamik  me thn eisagwg  enì dianusmatikoÔ uperpedou kai
th aploÔsterh dunat  summetra bajmda. Se aut  thn jewra, ektì apì ta peda Ôlh prokÔptei kai
èna mazo mpozonikì forèa allhlepdrash maz me to fermionikì tou sÔntrofo. Tèlo epitugqnetai
mia SUSY jewra me mia mh abelian  summetra bajmda. H parousash th mia tètoia jewra sth
gl¸ssa twn sun jismènwn pedwn enai o skopì th epìmenh paragrfou.
2.2.2 Dom  th lagkrazian 
H morf  tou SM baszetai sti jewre bajmda. Jewre, dhlad , pou enai anallowte ktw apì
topikoÔ metasqhmatismoÔ bajmda, twn opown oi genn tore T
a
ij
genik sqhmatzoun mia lgebra
Lie. Oi qrhsimopoioÔmenoi dekte a, ij trèqoun w ex : a = 1; :::N ìpou N h distash th lgebra,
i; j = 1; :::R ìpou R h distash th anaparstash pou èqei epilege gia ta peda Ôlh pou enai sun jw
h jemeli¸dh. H apathsh aut  th analloi¸thta efodizei th jewra me peda bajmda A
a

kai ti
stajerè zeÔxh tou, g
a
me thn Ôlh. Ta A
a

arqik enai maza. Me to mhqanismì Higgs mpore na doje
mza se (kpoia apì) aut me epanakanonikopoi simo trìpo.
H SUSY epèktash aut  th jewra gnetai me thn eisagwg  dÔo eid¸n uperpedwn, sÔmfwna me to
Ed. 2.2.1:
 Uperpeda qeirallìthta pou perièqoun ta peda Ôlh th jewra, ta fermiìnia  
i
kai tou mpo-
zonikoÔ tou suntrìfou, ta sfermions '
i
.
 Dianusmatik uperpeda pou perièqoun ta peda bajmda A
a

kai tou fermionikoÔ tou etarou,
ta gaugino, 
a
H parousash th morf  th lagkrazian  sth gl¸ssa twn sun jwn pedwn mia tètoia jewra pou ja
mporoÔse na onomaste SUSY Yang-Mills enai o skopì th paragrfou aut . Gia lìgou kalÔterh
taxinìmhsh, h lagkrazian  mpore na temaqiste sta paraktw tm mata:
L
SYM
= L
KIN
+ L
INT
  V
SUSY
; ìpou:
a. L
KIN
: To tm ma pou perièqei tou kinhtikoÔ ìrou twn pedwn th jewra. Uprqoun kinhtiko
ìroi gia ta fermionik peda  
i
, 
a
, ta dianusmatik A
a

kai ta bajmwt '
i
. Apì autoÔ, to
endiafèron epikentr¸netai stou kinhtikoÔ ìrou twn bajmwt¸n pedwn pou èqoun th morf :
(D

')

i
(D

')
i
ìpou (D

)
ij
= 

+ ig
a
T
a
ij
A
a

(2.1)
me D

th sunallowth pargwgo th jewra pou perièqei peda bajmda mìno gia thn topik 
summetra (kai ìqi lìgw th SUSY pou enai mia olik  summetra) th jewra. De dojhke h
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ekpefrasmènh morf  twn llwn kinhtik¸n ìrwn, giat h katagraf  tou de ja prosèfere kti
shmantikì sthn prosèggish pou epiqeiretai.
b. L
INT
: To tm ma pou perièqei ti allhlepidrsei Yukawa kai fermion-sfermion-gaugino me thn ex 
morf :
L
INT
=  
1
2

2
W
'
i
'
j
 
i
 
j
+ i
p
2g
a
'

k

a
T
a
kl
 
l
+ h:  (2.2)
Apì ton pr¸to ìro tou deÔterou mèlou th Ex. (2.2) ja prokÔyoun oi ìroi mza gia ta fermiìnia,
ta opoa upenjumzetai ìti anaparstantai me spnore dÔo sunistws¸n gia autì kai o ìro mza
tou den èqei thn morf  pou èqoun oi ìroi mza me Dira spnore, sumfwna me ti exhg sei pou
dnontai sthn Ex. (Bþ.16). Epsh to uperdunamikìW ('
j
) noetai w sunrthsh mìno twn bajmwt¸n
sunistws¸n twn uperpedwn pou perièqei.
g. V
SUSY
: To dunamikì th pl rou upersummetrik  jewra pou èqei dÔo basikè suneisforè:
V
SUSY
= V
F
+ V
D
; ìpou:
 V
F
, h suneisfor pou proèrqetai apì ta bohjhtik peda F
i
pou perièqontai sta uperpeda
qeiralìthta, giautì kai oi ìroi auto tou dunamikoÔ onomzontai F-ìroi:
V
F
=
X
i
F

i
F
i
ìpou F
i
=  
W
'
i
(2.3)
 V
D
, h suneisfor pou proèrqetai apì to bohjhtik peda D pou perièqontai sta dianusmatik
uperpeda, giautì kai oi ìroi auto tou dunamikoÔ onomzontai D-ìroi:
V
D
=
1
2
X
a
D
a
D
a
ìpou D
a
= g
a
'

i
T
a
ij
'
j
(2.4)
Axzei na shmeiwje ìti sto tupolìgio pou parousisthke oi spinoriako dekte den dhl¸nontai kai
uponoetai jroish stou epanalambanìmenou dekte th anaparstash th omda bajmda ij. Akìma
oi afÔsikoi bajmo eleujera twn dianusmatik¸n uperpedwn èqoun arje me thn epilog  th bajmda
Wess-Zumino.
2.2.3 To prìblhma th ierrqhsh
Apì th genik  morf  th lagkrazian  pou parousiasthke, mpore na katanohje ìti to prìblhma th
ierrqhsh mpanei se porea dieujèthsh me thn eisagwg  th SUSY. Koitda tou probl mato autoÔ
enai h terstia energeiak  apìstash pou uprqei anmesa sto EWS, M
W
 100 GeV kai sthn klmaka
th GUT, M
G
 10
16
GeV. Oi parenèrgeie tou probl mato ekdhl¸nontai sti tetragwnikè apoklsei
pou parousizontai se diagrmmata th morf  tou Sq. 2.1(b), ta opoa suneisfèroun sth diìrjwsh th
mza, Æm

enì bajmwtoÔ pedou  pou sta plasia tou SM enai to Higgs. Pragmatik, eisgwnta
èna ut  off (nw ìrio orm¸n) th txh twn GUT, M
G
sto olokl rwma tou brìqou tou Sq. 2.1(b) ,
h diìrjwsh diajètei ìro pou apoklnei tetragwnik:
Æm


Z
M
G
d
4
k
k
2
M
2
G
(2.5)
Bebaw, tètoie apoklsei ja mporoÔsan na aporrofhjoÔn me to prìgramma epanakanonikopohsh.
'Omw autì ja apaitoÔse mia afÔsikh lept  rÔjmish twn paramètrwn th jewra, afoÔ ja èprepe na
aporroftai se kje txh th jewra diataraq¸n mia diìrjwsh kat polÔ megalÔterh th mza pou
diorj¸netai. Oi SUSY jewre prosfèroun dièxodo apì to prìblhma th ierrqhsh giat sto plasio tou,
prostjentai suneisforè sto Æm

apì tou mpozonikoÔ etarou twn fermionwn, oi opoe aroun ti
tetragwnikè apoklsei th jewra. Autì epitugqnetai giat oi stajerè zeÔxei Yukawa kai tessrwn
bajmwt¸n pedwn brskontai se susqètish.
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f

f
(b)(a)
Sq ma 2.1: Oi brìqoi twn bajmwtwn swmatwn,  (a) kai twn fermionwn, f (b) pou suneisfèroun sthn
diìrjwsh th mza tou .
O mhqanismì anaresh twn tetragwnik¸n apoklsewn mpore na epideiqje mèsw enì paradegmato
(pio analutikè sto shmeo autì enai oi An. [1℄, [5℄). 'Estw mia stoiqei¸dh jewra me èna fermiìnio f
kai èna bajmwtì pedo  sto uperdunamikì th opoa uprqei èna ìro 
3
=3 grammèno upì morf 
bajmwt¸n sunistws¸n. Apì ton ìro th lagkrazian  sthn:
 Ex. (2.2) prokÔptei mia zeÔxh g
ff
ff me g
ff
=  , opìte h diìrjwsh sth mza m

apì to
digramma (b) tou Sq. 2.1 ja enai th morf :
Æm
()

 ( i)( i)ii( 1)M
2
G
=  
2
M
2
G
(2.6)
ìpou ta i proèrqontai apì tou diadìte kai to (-1) apì th statistik  twn fermionwn.
 Ex. (2.3) prokÔptei mia zeÔxh g

4

4
me g

4
=  
2
, opìte h diìrjwsh sth mzam

apì to digramma
(a) tou Sq. 2.1 ja enai th morf :
Æm
()

 ( i
2
)iM
2
G
= 
2
M
2
G
(2.7)
Prosjètwnta ti suneisforè twn Ex. (2.6), (2.7) prokÔptei ìti h sunolkh diìrjwsh sth mza m

de
perièqei tetragwnikè apìklisei. Aut  h aujìrmhth dieujèthsh tou probl mato th ierrqhsh enai
apì tou pio shmantikoÔ lìgou eisagwg  th SUSY sta plasia twn GUT.
2.2.4 'Oroi AsjenoÔ Parabash th SUSY
H diat rhsh th epaf  twn jewrwn me thn pragmatikìthta twn parathr sewn enai anagkaa sunj kh
gia th biwsimìthta kai thn axiopohs  tou. Kaj¸, loipìn, den èqoun parathrhje SUSY sÔntrofoi twn
gnwst¸n swmatidwn èpetai ìti an h SUSY uprqei, ja prèpei na èqei katarreÔsei me kpoio trìpo, ¸ste
oi SUSY etaroi na èqoun mza shmantik uyhlìterh apì ta gnwst swmtia. H katrreush aut  mpore
na ulopoihje ete aujìrmhta ete me èxwjen epèmbash sth SUSY lagkrazian . Bebaw, kai me ti dÔo
teqnikè epidi¸ketai na mhn qaje to kajoristikì kekthmèno pou prosfèrei h eisagwg  th SUSY, pou
enai h lÔsh tou probl mato th ierrqhsh.
Aujìrmhta spasmènh lègetai mia summetra pou diajètei ma lagkrazian  ìtan to kenì th jewra
de th sèbetai exsou. Autì sumbanei ìtan h tim  tou dunamikoÔ sto kenì th jewra, hV
SUSY
i
0
den
enai mhdèn. Apì ti Ex. (2.3), (2.4) sumperanetai ìti h prohgoÔmenh sunj kh mpore na ekplhrwje
ìtan hF
i
i
0
6= 0   (kai) hD
a
i
0
6= 0. ApodeiknÔetai sthn An. [9℄ ìti h pr¸th perptwsh den pargei
fainomenologik endiafèrousa metatìpish twn maz¸n twn SUSY etarwn en¸ h deÔterh perptwsh enai
anefrmosth sthn perptwsh th summetra tou SM.
Anagkastik, loipìn, apeujÔnetai kane sth deÔterh ekdoq  parabash th SUSY pou pragmatopoie-
tai me prosj kh sth lagkrazian  kpoiwn ìrwn asjenoÔ (   pia) parabash th SUSY (: SBT).
Tètoioi ìroi mporoÔn na ermhneutoÔn w proerqìmenoi apì apì thn aujìrmhth katreush twn jewri¸n
UperbarÔthta. Oi SBT enai ìroi pou parabizoun thn SUSY analoi¸thta th lagkrazian  qwr thn
eisagwg  tetragwnik¸n apoklsewn sth jewra. ApodeiknÔetai sthn An. [9℄ ìti ìroi pou ikanopoioÔn
aut  thn apathsh kai dÔnantai na prostèjoun sto dunamikì th jewra enai oi ex :
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 'Oroi mza gia ta bajmwt swmtia th morf 
1
2
m
2
ij
'
i
'

j
 'Oroi mza gia ta gaugino  
1
2
M
a


a

a
 'Oroi grammiko C
i
'
i
+ h::
 'Oroi digrammik¸n zeÔxewn B
ij
'
i
'
j
+ h::
 'Oroi trigrammik¸n zeÔxewn A
ijk
'
i
'
j
'
k
+ h::
Parathretai ìti ìroi mza fermionwn Ôlh den mporoÔn na jewrhjoÔn SBT. Epsh apì tou proteinìme-
nou parapnw SBT epilègontai se kje perptwsh mìno ekenoi pou sèbontai th summetra bajmda,
thn opoa diajètei h arqik  lagkrazian . Autì o periorismì afor tou SBT zeÔxewn, oi opooi
anagkastik epilègetai na èqoun th morf  twn antstoiqwn ìrwn tou uperdunamikoÔ.
Sumperasmatik, to dunamikì mia realistik  SUSY Yang-Mills jewra èqei dÔo suneisforè:
V = V
SUSY
+ V
soft
(2.8)
ìpou V
soft
èna jroisma apì tou proteinìmenou kai epitrepìmenou apì th summetra SBT.
2.2.5 Fsma th Jewra
To diataraktikì fsma mia jewra prokÔptei me anptuxh twn ìrwn th lagkrazian  th gÔrw apì to
kenì pou brsketai apì th sunj kh elaqistopohsh tou dunamikoÔ:

V ('
j
)
'
i

0
= 0 (2.9)
ìpou to sÔmbolo h:::i
0
dhl¸nei ìti h posìthta pou perikleetai èqei upologisje sto kenì th jewra
dhlad  gia '
i
= h'
i
i
0
. AnaptÔssonta th lagkrazian  gÔrw apì autì to kenì lambnontai oi pnake
mza twn bajmwt¸n, fermionik¸n kai dianusmatik¸n pedwn th jewra. Sugkekrimèna:
a. Oi ìroi mza twn bajmwt¸n mpozonwn anadÔontai apokleistik apì thn anptuxh tou dunamikoÔ
kai grfontai se pinakik  morf  w ex :
1
2
8
:
'

i
'
i
9
;
M
2
B
8
>
:
'
j
'

j
9
>
;
ìpou M
2
B
=
8
>
>
>
>
>
:
D

2
V
'

i
'
j
E
0
D

2
V
'

i
'

j
E
0
D

2
V
'
i
'
j
E
0
D

2
V
'
i
'

j
E
0
9
>
>
>
>
>
;
(2.10)
b. Oi ìroi mza twn fermionwn anadÔontai apì to tm ma th Ex. (2.2) th lagkrazian  kai grfontai
se pinakik  morf  w ex :
 
1
2
8
:

a
 
i
9
;
M
F
8
>
:

b
 
j
9
>
;
ìpou M
F
=
8
>
:
M
ab

p
2i hD
a
i
i
0
p
2i


D
b
j

0
hf
ij
i
0
9
>
;
(2.11)
me f
ij
:=


2
W
'
i
'
j

0
; D
a
i
:=
D
a
'
i
= g'

j
T
a
ji
; M
ab

=

2
V
soft

b

a
(2.12)
g. Oi ìroi mza twn dianusmatik¸n mpozonwn anadÔontai apì to tm ma th Ex. (2.1) th lagkrazia-
n  kai pargoun ton ex  pnaka maz¸n:
M
ab
A
= 2


D
a
i
D
b
i

0
me D
a
i
:=
D
a
'
i
= g
a
T
a
ij
'

j
(2.13)
'Opw enai profanè apì thn Ex. (2.13) ta dianusmatik mpozìnia th jewra apoktoÔn mza ìtan
h jewra enai spasmènh, dhlad  ìtan h'
i
i
0
6= 0
Me diagwnopoi sh twn pinkwn aut¸n, lambnontai oi idiotimè (: IDT) kai idiokatastsei (: IDK)
mza twn pedwn th Jewra. ProkÔptei so arijmì mpozonik¸n kai fermionik¸n etarwn me mia
diafor mza metaxÔ tou pou ofeletai sthn eisagwg  twn SBT.
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2.3 Dom  tou MSSM
H efarmog  tou genikoÔ plaisou pou perigrfhke sto Ed. 2.2 sthn perptwsh enì uperdunamikoÔ
me th summetra tou SM enai o skopì aut  th enìthta. Eidikìtera, sto Ed. 2.3.1 parousizetai
to swmatidiakì perieqìmeno tou MSSM kai sto Ed. 2.3.2 anadeiknÔontai oi skèyei pou odhgoÔn sth
sugkekrimènh morf  tou uperdunamikoÔ. Tèlo sto Ed. 2.3.3 efarmìzonta to tupolìgio tou Ed. 2.2.2
kai exgontai ta pio qarakthristik tm mata th lagkrazian  tou MSSM.
2.3.1 Sumbolimo-Taxinìmhsh-Anaparastsei Pedwn
To pediakì perieqìmeno tou MSSM parousizetai sqhmatik ston Pnaka 2.1. Kpoie epibeblhmène
dieukrin sei sqetik me to qrhsimopoioÔmeno sumbolismì o opoo anagkastik, enai periektikì kai
sÔntomo, dnontai sthn enìthta aut . Ta uperpeda pou qrhsimopoioÔntai gia na anaparast soun kai na
epektenoun to swmatidiakì perieqìmeno tou SM mporoÔn na katatgoun w ex :
a. Uperpeda 'Ulh. Prìkeitai gia uperpeda qeiralìthta st opoa dieujetoÔntai ta peda Ôlh,
dhlad  ta fermiìnia kai ta Sfermions. Apo aut ta aristerìstrofa anaparstantai me diplète en¸
ta dexiìstrofa enai monde w pro thn omda summetra SU(2)
L
. W pro to qarakt ra twn
sunistws¸n tou mporoÔn na taxinomhjoÔn w ex :
 Uperpeda leptonwn kai Sleptons. Sumbolzontai me L
l
; E
l
ìpou o dekth twn gene¸n trèqei
w ex  l = e; ;  . Sta uperpeda aut dieujetoÔntai antstoiqa:
{ Leptìnia, pou sumbolzontai  
L
l
;  
E
l
kai analutik parousizontai paraktw:
 
L
l
=
8
>
:

l
l
9
>
;
L
:=
8
>
:

e
e
9
>
;
L
;
8
>
:



9
>
;
L
;
8
>
:



9
>
;
L
 
E
l
= l

L
:= e

L
; 

L
; 

L
{ Sleptons, pou sumbolzontai 
L
l
; 
E
l
kai analutik parousizontai paraktw:

L
l
=
8
>
:
~
l
~
l
9
>
;
L
:=
8
>
:
~
e
~e
9
>
;
L
;
8
>
:
~

~
9
>
;
L
;
8
>
:
~

~
9
>
;
L

E
l
=
~
l

L
:= ~e

L
; ~

L
; ~

L
 Uperpeda Quarks kai Squarks. Sumbolzontai me Q
q
; U
q
; D
q
ìpou o dekth twn gene¸n
trèqei w ex  q = 1 ; 2 ; 3. Sta uperpeda aut dieujetoÔntai antstoiqa:
{ Quarks, pou sumbolzontai  
Q
q
;  
U
q
;  
D
q
kai analutik parousizontai paraktw:
 
Q
q
=
8
>
:
u
q
d
q
9
>
;
L
:=
8
>
:
u
d
9
>
;
L
;
8
>
:

s
9
>
;
L
;
8
>
:
t
b
9
>
;
L
 
U
q
= u

qL
:= u

L
; 

L
; t

L
 
D
q
= d

qL
:= d

L
; s

L
; b

L
{ Squarks, pou sumbolzontai 
Q
q
; 
U
q
; 
D
q
kai analutik parousizontai paraktw:

Q
q
=
8
>
:
~u
q
~
d
q
9
>
;
L
:=
8
>
:
~u
~
d
9
>
;
L
;
8
>
:
~
~s
9
>
;
L
;
8
>
:
~
t
~
b
9
>
;
L

U
q
= ~u

qL
:= ~u

L
; ~

L
;
~
t

L

D
q
=
~
d

qL
:=
~
d

L
; ~s

L
;
~
b

L
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Pnaka 2.1: Swmatidiak  SÔstash tou MSSM (IDK Bajmda)
Superelds Sunist¸nta Peda Kbantiko arijmo
Spinors Salars Q I
3
Y=2
Peda 'Ulh
Fermions Sfermions
Leptons Sleptons
L
l
 
L
l
=
8
>
:

l
l
9
>
;
L

L
l
=
8
>
:
~
l
~
l
9
>
;
L
0
 1
1=2
 1=2
 1=2
 1=2
E
l
 
E
l
= l

L

E
l
=
~
l

L
1 0 1
(l = e; ; )
Quarks Squarks
Q
q
 
Q
q
=
8
>
:
u
q
d
q
9
>
;
L

Q
q
=
8
>
:
~u
q
~
d
q
9
>
;
L
2=3
 1=3
1=2
 1=2
 1=6
 1=6
U
q
 
U
q
= u

qL

U
q
= ~u

qL
 2=3 0  2=3
D
q
 
D
q
= d

qL

D
q
=
~
d

qL
1=3 0 1=3
(q = 1; 2; 3)
Dianusmatik Peda
Gauginos Gauge Bosons
V
1
~
B B 0 0 0
V
a
2
8
>
:
~
W

~
W
3
9
>
;
8
>
:
W

W
3
9
>
;
1
0
0
0
1
0
V
A
3
~g
A
g
A
0 0 0
(A = 1; :::; 8)
Peda Higgs
Higgsinos Higgs Bosons
H  
H
=
8
>
:
~
H
0
~
H
 
9
>
;

H
=
8
>
:
H
0
H
 
9
>
;
0
 1
+1=2
 1=2
 1=2
 1=2

H  

H
=
8
>
>
:
~
H
+
~

H
0
9
>
>
;


H
=
8
>
:
H
+

H
0
9
>
;
+1
0
+1=2
 1=2
1=2
1=2
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Enai profanè ìti o fermionikì tomèa twn uperpedwn aut¸n, tautzetai me ton antstoiqo tou
SM.
b. Dianusmatik Uperpeda. Se aut dieujetoÔntai ta peda mazwn dianusmatik¸n mpozonwn kai twn
SUSY fermionik¸n suntrìfwn tou, twn Gauginos. H phg  proèleush twn mpozonwn aut¸n enai
h apathsh analoi¸thta th lagkrazian  ktw apì metasqhmatismoÔ pou an koun sthn omda
SU(3)

 SU(2)
L
 U(1)
Y
. Sugkekrimèna sthn ìmada:
 U(1)
Y
me genn tora to uperforto Y , antistoiqe to uperpedo V
1
me perieqìmena peda:
B

kai
~
B (Bino)
kai stajer zeÔxh g
0
.
 SU(2)
L
me genn tore tou gnwstou pnake tou Pauli th Ex. (Bþ.7)

a
; ìpou a = 1; 2; 3
antistoiqe to uperpedo V
a
2
me perieqìmena peda:
W
a

kai
~
W
a
(Wino)
kai stajer zeÔxh g.
 SU(3)

me genn tore tou pnake Gell-Mann, antistoiqe to uperpedo V
A
3
me A = 1; :::; 8 kai
perieqìmena peda:
g
A

(gluon) kai ~g
A
(gluino)
kai stajer zeÔxh g
3
.
Enai profanè ìti o tomèa twn dianusmatik¸n mpozonwn tautzetai me ton antstoiqo tou SM.
g. Uperpeda Higgs. Prìkeitai gia uperpeda qeiralìthta pou anaparstantai me diplète w pro thn
omda summetra SU(2)
L
kai enai ta ex :
 H me thn hlektrik oudèterh sunist¸sa sth jèsh 11 kai perieqìmena peda:

H
:=
8
>
:
H
0
H
 
9
>
;
;  
H
:=
8
>
:
~
H
0
~
H
 
9
>
;


H me thn hlektrik oudèterh sunist¸sa sth jèsh 21 kai perieqìmena peda:


H
:=
8
>
:
H
+

H
0
9
>
;
;  

H
:=
8
>
>
:
~
H
+
~

H
0
9
>
>
;
Parathretai ìti ektì apì to qrhsimopoioÔmeno sto SM mpozìnio Higgs uprqei kai èna epiplèon,
h angkh eisagwg  tou opoou ja exhghje sto Ed. 2.3.2b.
Oi kbantiko arijmo pou episunptontai se kje sunist¸sa apì ta uperpeda pou anafèrjhkan enai
katagegrammènoi ston Pnaka 2.1. Me ton ìro IDK bajmda noìuntai oi IDK twn pedwn prin to SSB,
ìpou kuriarqe h summetra bajmda sth jewra. Met to SSB, oi IDK bajmda ja d¸soun th jèsh
tou sti IDK mza ìpw ja fane stou Pnake 2.2, 2.3.
2.3.2 Sqediasmì tou UperdunamikoÔ
H anptuxh twn basik¸n epiqeirhmtwn, sta opoa edrzetai h morf  tou uperdunamikoÔ tou MSSM enai
o stìqo aut  th paragrfou. Oi basikè proupojèsei pou epidi¸ketai na ikanopoie èna uperdunamikì
pou ja filodoxoÔse na anapargei ta apotelèsmata tou SM me elqisth SUSY epèktash enai oi ex :
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a. Sebasmì th summetra tou SM. Oi upoy fioi ìroi gia esagwgh sto uperdunamikì prèpei na enai
anallowtoi upì th drsh th SU(3)

 SU(2)
L
U(1)
Y
. Autì exasfalzetai an to jroisma twn
kbantik¸n arijm¸n pou episunptontai se kje mèlo enì upoy fiou ìrou enai mhdèn. Endeiktik
anafèretai ìti oi ìroi H
T
i
2
L
l
E
l
  U
q
D
q
0
D
q
00
pernoÔn ton èlegqo autì.
b. Paroq  mza sta fermiìnia. 'Oroi pou ja mporoÔsan na prosd¸soun mza sta fermiìnia proèrqon-
tai apì ton pr¸to prosjetèo tou deÔterou mèlou th Ex. (2.2). Kat ta prìtupa tou SM èna
ìro pou ja pareqe mza sta leptìnia ja  tan o h
l
H
T
i
2
L
l
E
l
se eppedo uperpedwn   se eppedo
bajmwt¸n sunistws¸n h
l

T
H
i
2

L
l

E
l
Lambnonta th pargwgo posìthta aut  kai upojètw-
nta ìti to 
H
anaptÔssei VEV sthn hlektrik oudèterh sunist¸sa tou, ìpw sthn Ex. (2.37), o
epmaqo ìro th Ex. (2.2) grfetai:
 
1
2
h
l

T
H
i
2
 
L
l
 
E
l
+ h: =  
h
l
2
p
2
8
:
v
1
0
9
;
8
>
:
0 1
 1 0
9
>
;
8
>
:

l
l
9
>
;
L
l

L
+ h: =  
1
2
m
l
(l
L
l

L
+ h:);
ìpou m
l
= v
1
h
l
=
p
2. Me ton dio akrib¸ trìpo efodizontai me mza ta down-quark, opìte
èna ìro th morf  h
D
q
H
T
i
2
Q
q
D
q
enai epsh epibeblhmèno. Enai, ìmw, emfanè apì thn
prohgoÔmenh ìti to 
H
den mpore na parsqei mza sta up-quark lìgw th jèsh th hlektrik
oudèterh sunist¸sa kai tou uperfortou pou aut  diajètei (-1/2). Qreizetai èna Higgs pou na
èqei thn hlektrik oudèterh sunist¸sa sth jèsh 21 kai uperforto 1/2. Sto SM aut  h metllaxh
epitugqnetai, lambnonta to i
2
ep to migadikì suzugè tou qrhsimopoioÔmenou eke pedou Higgs.
Sthn perptwsh tou MSSM, ìmw aut  h suntag  den mpore na efarmoste, lìgw th olomorfik 
idiìthta tou uperdunamikoÔ pou èqei  dh anaferje sto Ed. 2.2.1. Sunep¸, anagkastik  enai h
qrhsimopohsh enì deÔterou uperpedou Higgs

H me ti apaitoÔmene idiìthte, opìte h diadikasa
paroq  mza sta up-quark exelssetai kat ta gnwst: Eisgetai sto uperdunamikì o ìro
 h
U
q

H
T
i
2
Q
q
U
q
pou se morf  bajwt¸n sunistws¸n grfetai  h
U
q

T

H
i
2

Q
q

U
q
, opìte lambno-
nta th pargwgo th posìthta aut  kai upojètwnta ìti to 

H
anaptÔssei VEV sthn hlektrik
oudèterh sunist¸sa tou, ìpw sthn Ex. (2.37), apì ton epmaqo ìro th Ex. (2.2) prokÔptei:
1
2
h
U
q

T

H
i
2
 
Q
q
 
U
q
+h: =
h
U
q
2
p
2
8
:
0 v
2
9
;
8
>
:
0 1
 1 0
9
>
;
8
>
:
u
q
d
q
9
>
;
L
u

qL
+h: =  
1
2
m
u
q
(u
qL
u

qL
+h:);
ìpou m
u
q
= v
2
h
U
q
=
p
2. Me h
U
q
> 0, èna tètoio ìro paroq  mza sta up-quark prèpei na
proshmanje antjeta apì tou upìloipou gia thn epteuxh pl rw sumbatoÔ apotelèsmato.
g. Mh parabash tou leptonikoÔ kai baruonikoÔ arijmoÔ. Uprqoun ìroi pou ekplhroÔn th sunj kh
tou shmeou (a), ìpw oi paraktw:
U
q
D
q
0
D
q
00
; Q
T
q
i
2
L
l
D
q
0
; L
T
l
i
2
L
l
0
E
l
00
; L
T
l
i
2
H
oi opoio, ìmw, enai anepijÔmhtoi giat parabizoun th diat rhsh tou baruonikoÔ, B kai leptonikoÔ
arijmoÔ, L oi timè twn opown gia ta uperpeda tou MSSM dnontai paraktw:
B(L
l
) = 0; B(E
l
) = 0; B(Q
q
) = 1=3; B(U
q
) =  1=3; B(D
q
) =  1=3
L(L
l
) = 1; L(E
l
) =  1; L(Q
q
) = 0; L(U
q
) = 0; L(D
q
) = 0
(2.14)
H parabash th diat rhsh aut¸n twn arijm¸n ja epetrèpe th dispash tou prwtonou, prgma
fainomenologik apardekto.
d. Diat rhsh th isotima R. H dia qeirì apìrriyh merik¸n ìrwn, lìgw fainomenologik¸n antir-
r sewn den enai jewrhtik ugi  diadikasa. Pio eujÔ trìpo drsh ja  tan o kajorismì mia
nèa summetra pou ja prèpei na sèbetai to MSSM. Orzetai èna pollaplasiastikì kbantikì
arijmì pou episunptetai se peda me thn epwnuma R-Parity:
R := ( 1)
2S+L+3B
=
8
<
:
+1 gia ta swmtia tou SM kai ta Higgs
 1 gia ta spartiles
(2.15)
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ìpou S to spin tou pedou, kai epiblletai h diat rhsh tou. Dhlad , h R-Parity enì ìrou
th lagkrazian  prèpei na enai 1, prgma pou fanetai me mia apl  parat sh stou ìrou th
Lagkrazian  pou parousizontai sto Ed. 2.3.3. H epibol  aut  th nèa summetra èqei ti ex 
sunèpeie:
 Oi ìroi th lagkrazian  mporoÔn na perièqoun mìno rtio arijmì apì spartiles.
 Ta spartiles mporoÔn na pargontai mìno kat zeÔgh.
 Ta barÔtera spartiles diasp¸ntai sta elafrìtera.
 To LSP enai eustajè giat den epitrèpetai na diaspaste se swmtia tou SM.
 To LSP enai asjen¸ allhlepidr¸n swmtio, giat allhlepidr me thn Ôlh mìno me th
mesolbhsh enì barèw endimesou spartile.
Ta qarakthristik aut pou apokt to LSP to kajistoÔn èna polÔ elkustikì upoy fio gia th lÔsh
tou probl mato th skotein  Ôlh, me trìpo pou ekten¸ ja melethje sto Keflaio 5.
e. Apofug  th Ôparxh mazou mpozonou Higgs. 'Opw ja fane sto Ed. 2.4.5, o stìqo autì
epitugqnetai me thn eisagwg  enì ìrou allhlepdrash, H
T
i
2

H, metaxÔ twn uperpedwn Higgs.
H telik  èkfrash tou uperdunamikoÔ, sumbat  me tou prohgoÔmenou periorismoÔ, enai:
W
MSSM
= h
l
H
T
i
2
L
l
E
l
+ h
D
q
H
T
i
2
Q
q
D
q
  h
U
q

H
T
i
2
Q
q
U
q
+ H
T
i
2

H (2.16)
Sqetik me ton qrhsimopoioÔmeno sumbolismì, mpore na dieukriniste ìti:
 Pinakiko dekte gia th zeÔxh twn diplet¸n den qrhsimopoioÔntai giat uiojet jhke h parousash
tou tupolìgiou sth gl¸ssa twn pinkwn kai ìqi twn sunistws¸n.
 Stou epanalambanìmenou dekte l; q mpore na enohje jroish pnw sti geneè leptonwn kai
quark antstoiqa.
 Agnoetai h anmixh anmesa sti geneè, prgma pou shmanei ìti oi zeÔxei Yukawa enai arijmo
kai ìqi pnake.
2.3.3 Langkrazian  tou MSSM
H pl rh morf  th lagkrazian  touMSSM dnetai sti An. [1℄ kai [14℄. H parousash pou ja epiqeirhje
paraktw enai ligìtero leptomeriak  all sw pio periektik . Qrin aplìthta paralepontai ìroi pou
ofelontai sth QCD, ìroi fantasmtwn kai sugkolitonwn. H langkrazian  tou MSSM mpore na prei
thn genik  morf :
L
MSSM
= L
KIN
+ L
INT
  V
MSSM
; ìpou:
a. L
KIN
: To tm ma pou perièqei tou kinhtikoÔ ìrou twn pedwn th jewra, twn mpozonwn bajm-
da, twn bajmwt¸n pedwn kai twn fermionwn Ôlh kai gauginos. Apì autoÔ, oi qr simoi gia thn
anlush pou ja epiqeirhje enai oi kinhtiko ìroi twn mpozonwn Higgs, oi opooi perièqontai stou
ìrou twn bajmwt¸n pedwn pou, me bsh thn Ex. (2.1), enai:
X
F
(D


F
)
y
D


F
ìpou F := L
l
; E
l
; Q
q
; U
q
; D
q
; H;

H (2.17)
H sunallowth pargwgo èqei thn (pinakik ) morf :
D

= 

+ ig

a
2
W
a

+ ig
0
Y
2
B

= 

+ i
g
p
2
 

 
W
+

+ 
+
W
 


+ i
e
s
W

W
g
f
(I
3
; Q)Z

+ ieQA

; (2.18)
ìpou gia thn epteuxh th teleutaa, pragmatopoi jhkan diadoqik ta epìmena b mata:
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 Anadiatqthkan oi sunist¸se twn dianusmatik¸n mpozonwn W
a

w ex :
W


:=
1
p
2
(W
1

 iW
2

) kai 

:=
1
2
(
1
 i
2
)
 'Egine h strof  orismoÔ twn pedwn Z

kai A

:
8
>
:
Z

A

9
>
;
=
8
>
:

W
 s
W
s
W

W
9
>
;
8
>
:
W
3

B

9
>
;
: (2.19)
ìpou qrhsimopoioÔntai oi suntmsei s
W
:= sin 
W
; 
W
:= os 
W
gia th gwna Weinberg.
 'Egine h tautopohsh twn stajer¸n, sÔmfwna me thn An. [15℄:
gs
W
= g
0

W
= e =
gg
0
p
g
2
+ g
02
(2.20)
 Orsthke h posìthta:
g
f
(I
3
; Q) = I
3
  Qs
2
W
: (2.21)
me Y to uperforto, Q to hlektrikì forto kai I
3
thn trth sunist¸sa tou isospin tou swmatou
f ta opoa ikanopooun th gnwst  sqèsh:
Q = I
3
+
Y
2
b. L
INT
: To tm ma pou perièqei tou ìrou allhlepdrash pou prokÔptoun apì thn eisagwg  th
SUSY kai brsketai me efarmog  th Ex. (2.2). Epibeblhmèno mlista, gia to lìgo autì enai o
diaqwrismì tou se dÔo tm mata:
L
INT
= L
Yuk
+ L
Gau
; ìpou:
 L
Yuk
, to tm ma sto opoo an koun oi zeÔxei Yukawa pou prokÔptoun apì to uperdunamikì:
L
Yuk
=  
1
2
X
F;F
0

2
W
MSSM

Fi

F
0
j
 
Fi
 
F
0
j
+ h:  =
 
1
2
 
h
l

T
H
i
2
 
L
l
 
E
l
+ h
D
q

T
H
i
2
 
Q
q
 
D
q
  h
U
q

T

H
i
2
 
Q
q
 
U
q
+  
T
H
i
2
 

H

+ h: 
 
1
2
 
h
l
 
T
H
i
2
 
L
l

E
l
+ h
D
q
 
T
H
i
2
 
Q
q

D
q
  h
U
q
 
T

H
i
2
 
Q
q

U
q

+ h: 
 
1
2
 
h
l
 
T
H
i
2

L
l
 
E
l
+ h
D
q
 
T
H
i
2

Q
q
 
D
q
  h
U
q
 
T

H
i
2

Q
q
 
U
q

+ h:  (2.22)
 L
Gau
, to tm ma sto opoo an koun oroi allhlepdrash salars-spinor-gaugino:
L
Gau
= i
p
2g
0
X
F

y
F
~
B
Y
2
 
F
+ i
p
2g
X
F

y
F
~
W
a

a
2
 
F
+ h: (2.23)
H anptuxh twn ìrwn aut¸n, pragmatopoi¸nta thn jroish pnw sta peda F , prokÔptei
aujorm tw me antikatstash twn kbantik¸n arijm¸n twn pedwn apì ton Pnaka 2.1, giautì
kai de ja parousiaste analutikìterh èkfrash autoÔ tou tm mato th lagkrazian .
g. V
MSSM
: To dunamikì touMSSM pou dometai apì dÔo diaforetik  proèleush ìrou, ton proerqì-
meno apì thn SUSY, V
SUSY
kai ton fèronta tou SBT, V
SBT
, dhlad :
V
MSSM
= V
SUSY
+ V
SBT
; me V
SUSY
= V
F
+ V
D
; ìpou:
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 V
F
, to tm ma pou ofeletai stou F-ìrou kai brsketai efarmìzonta thn Ex. (2.3):
V
F
=
X
F




W
MSSM

F




2
=


h
l
i
2

L
l

E
l
+ h
D
q
i
2

Q
q

D
q
+ i
2


H


2
+


h
U
q
i
2

Q
q

U
q
+ 
T
H
i
2


2
+


h
D
q

T
H
i
2

D
q
+ h
U
q

T

H
i
2

U
q


2
+


h
l

T
H
i
2

L
l


2
+


h
D
q

T
H
i
2

Q
q


2
+


h
U
q

T

H
i
2

Q
q


2
(2.24)
 V
D
, to tm ma pou ofeletai stou D-ìrou kai brsketai efarmìzonta thn Ex. (2.4). Enai,
mlista bolikì o temaqismì tou se dÔo tm mata:
V
D
= V
D
Y
+ V
D
L
; ìpou:
{ V
D
Y
, to tm ma pou ofeletai stou D-ìrou pou proèrqontai apì th summetra U(1)
Y
:
V
D
Y
=
g
02
8
(
X
F

y
F
Y 
F
)
2
=
g
02
8

1
3
j
Q
q
j
2
 
4
3
j
U
q
j
2
+
2
3
j
D
q
j
2
  j
L
l
j
2
+ 2j
E
l
j
2
+ j

H
j
2
  j
H
j
2

2
(2.25)
{ V
D
L
, to tm ma pou ofeletai stou D-ìrou pou proèrqontai apì th summetra SU(2)
L
:
V
D
L
=
g
2
8
X
a
 
X
F

y
F

a

F
!
2
=
g
2
8
X
a


y
H

a

H
+ 
y

H

a


H
+ 
y
Q
q

a

Q
q
+ 
y
L
l

a

L
l

2
=
g
2
8
"
 
j
H
j
2

2
+
 
j

H
j
2

2
  2j
H
j
2
j

H
j
2
+ 4j
y
H


H
j
2
+
 
j
Q
q
j
2

2
+
 
j
L
l
j
2

2
  2j
Q
q
j
2
j
L
l
j
2
+ 4j
y
Q
q

L
l
j
2
  2j
H
j
2
j
Q
q
j
2
+ 4j
y
H

Q
q
j
2
  2j

H
j
2
j
Q
q
j
2
+ 4j
y

H

Q
q
j
2
  2j
H
j
2
j
L
l
j
2
+ 4j
y
H

L
l
j
2
  2j

H
j
2
j
L
l
j
2
+ 4j
y

H

L
l
j
2
#
(2.26)
ìpou qrhsimopoi jhke h tautìthta:
X
a
 
A
y

a
A
  
B
y

a
B

=  jAj
2
jBj
2
+ jA
y
Bj
2
 V
SBT
, to tm ma pou perièqei tou SBT, oi opooi, me bsh ta ektejènta sto Ed. 2.2.4, enai:
V
SBT
=
X
F
m
F
j
F
j
2
 
1
2
M
1
~
B
~
B  
1
2
M
2
X
a
~
W
a
~
W
a
 
1
2
M
3
X
A
~g
A
~g
A
+ h: 
+h
l
A
l

T
H
i
2

L
l

E
l
+h
D
q
A
D
q

T
H
i
2

Q
q

D
q
 h
U
q
A
U
q

T

H
i
2

Q
q

U
q
+B
T
H
i
2


H
+h:  (2.27)
Apì th lagkrazian  pou parousisthke, mpore na lhfje to swmatidiakì fsma touMSSM, prgma pou
ja apotelèsei to epkentro melèth twn dÔo epìmenwn enot twn.
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2.4 Mhqanismì Higgs sto MSSM
O mhqanismì Higgs enai apì ta pio qarakthristik shmea mia jewra bajmda. Gia thn kalÔterh
melèth tou sthn perptwsh tou MSSM apomon¸netai to sqetikì tm ma th lagkrazian  sto Ed. 2.4.1
kai brskontai oi sunj ke leitourgikìthta tou mhqanismoÔ tou SSB sto Ed. 2.4.2 kai elaqistopohsh
sto Ed. 2.4.3. Me aut  thn proetoimasa, o mhqanismì Higgs exelssetai parèqonta mza se kpoia
mpozìnia bajmda sto Ed. 2.4.4, anadeiknÔonta ti IDK mza twn Higgs sto Ed. 2.4.5 kai parèqonta
mza sta fermiìnia th jewra sto Ed. 2.4.6.
2.4.1 To tm ma Higgs th lagkrazian 
To amig¸ afierwmèno sta bajmwt peda Higgs tm ma th lagkrazian  tou MSSM, enai:
L
H
= (D


H
)
y
D


H
+ (D



H
)
y
D



H
  V
H
; (2.28)
ìpou oi dÔo pr¸toi ìroi tou deÔterou mèlou proèrqontai apì to tm ma th Ex. (2.17), en¸ o trto
lambnei suneisforè apì ti Ex. (2.25), (2.26) kai (2.27) opìte h morf  tou enai:
V
H
= m
2
1
j
H
j
2
+m
2
2
j

H
j
2
+m
2
12
 

T
H
i
2


H
+ h: 

+
1
8
(g
2
+ g
02
)
 
j
H
j
2
  j

H
j
2

2
+
1
2
g
2
j
y
H


H
j
2
: (2.29)
ìpou orsthkan oi posìthte:
m
2
1
= m
2
H
+ 
2
; (2.30)
m
2
2
= m
2

H
+ 
2
; (2.31)
m
2
12
= B: (2.32)
Antikajist¸nta ti oristikè sqèsei twn 
H
; 

H
sthn Ex. (2.29), aut  grfetai w ex :
V
H
= m
2
1
jH
0
j
2
+m
2
2
j

H
0
j
2
+m
2
12
 
H
0

H
0
+H

0

H

0

+
1
8
(g
2
+ g
02
)
 
jH
0
j
2
  j

H
0
j
2
+ jH
 
j
2
  jH
+
j
2

2
+ m
2
1
jH
 
j
2
+m
2
2
jH
+
j
2
+m
2
12
 
 H
+
H
 
 H

+
H

 

+
1
2
g
2
 
jH
0
j
2
jH
+
j
2
+H
+
H
 

H

0
H

0
+H

+
H

 

H
0
H
0
+ j

H
0
j
2
jH
 
j
2

: (2.33)
Gia ton prosdiorismì tou kenoÔ th jewra profan¸ ja qrhsimopoihje mìno to hlektrik oudètero
tm ma th Ex. 2.33 , ìpw ja fane sta Ed. 2.4.3, 2.4.2. Antijètw, gia ton prosdiorismì tou fsmato
Higgs th jewra, qreizetai h pl rh èkfrash th Ex. 2.33, ìpw ja fane sto Ed. 2.4.5.
2.4.2 Sunj ke epituqoÔ SSB
To tm ma twn hlektrik oudèterwn sunistws¸n twn pedwn Higgs tou dunamikoÔ th Ex. (2.33) mpore
na grafe w ex :
V
H
0
=
1
8
(g
2
+ g
02
)
 
jH
0
j
2
  j

H
0
j
2

2
+
8
:
H

0

H
0
9
;
8
>
:
m
2
1
m
2
12
m
2
12
m
2
2
9
>
;
8
>
:
H
0

H

0
9
>
;
: (2.34)
Gia na mpore na epiteuqje to SSB, prèpei na plhroÔntai oi paraktw sunj ke:
 O tetragwnikì pnaka mzwn na diajètei arnhtik  IDT. Kai autì, diìti an den uprqei arnhtik 
IDT, to H
0
=

H
0
= 0 ja enai èna eustajè elqisto tou dunamikoÔ kai epomènw to SSB den ja
energopoietai. IsodÔnama, me bsh thn An. [8℄, prèpei:
det
8
>
:
m
2
1
m
2
12
m
2
12
m
2
2
9
>
;
< 0 =) m
2
1
m
2
2
< m
4
12
(2.35)
H Ôparxh mia arnhtik  mza, pou epilègetai na enai h m
2
2
, dieukolÔnei opwsd pote thn egka-
jdrush th prohgoÔmenh kai purodote (kat thn eÔstoqh èkfrash th An. [1℄) thn parabash th
hlekrasjenoÔ summetra.
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 To dunamikì V
H
0
na enai fragmèno ktw. Kai autì, dioti sthn dieÔjunsh H
0
=

H
0
uprqei o
knduno o tetragwnikì ìro th Ex. (2.34) na mhdenzetai. Gia na apofeukte autì prèpei se
autè ti legìmene D epipede dieujÔnsei na isqÔei:
V
H
0
> 0 =) m
2
1
+m
2
2
>  2m
2
12
(2.36)
 Na apofeÔgetai h Ôparxh qrwmatist¸n elaqstwn, dhlad  oi bajmwto sÔntrofoi twn fermionwn
Ôlh na mhn anaptÔsoun VEV kai dhmiourgoÔn SSB th SU(3)

. Gia na epiteuqje autì me bsh
thn An. [17℄, prèpei:
A
2
U
q
< 3 (m
2
Q
q
+m
2
U
q
+m
2

H
);
A
2
D
q
< 3 (m
2
Q
q
+m
2
D
q
+m
2
H
);
A
2
l
< 3 (m
2
L
l
+m
2
E
l
+m
2
H
):
Upojètwnta ìti isqÔoun oi sunj ke autè, o mhqanismì tou SSB anaptÔssetai sti paraktw
paragrfou aprìskopta.
2.4.3 Sunj ke elaqistopohsh
H diadikasa tou SSB arqzei me thn epilog  tou kenoÔ th jewra pou prèpei na enai tètoio, ¸ste na
enai h prokÔptousa jewra analowth upì thn U(1)
EM
. Sqhmatik:
SU(3)

 SU(2)
L
 U(1)
Y
 ! SU(3)

 U(1)
EM
Gia thn epteuxh tou stìqou autoÔ oi VEV anaptÔssontai sti hlektrik oudètere sunist¸se twn

H
; 

H
prgma pou shmanei ìti oi genn tora th omda U(1)
EM
paramènei spasto (An. [16℄):
h
H
i
0
=
1
p
2
8
>
:
v
1
0
9
>
;
kai h

H
i
0
=
1
p
2
8
>
:
0
v
2
9
>
;
: (2.37)
'Epetai o epanaorismì twn pedwn, ¸ste h anamenìmenh tim  tou na enai mhdèn, prgma pou shmanei
ìti ta qrhsimopoioÔmena peda diatarssontai w ex :

H
=
8
>
:
(v
1
+ 
1
+ i
1
)=
p
2
H
 
9
>
;
kai 

H
=
8
>
:
H
+
(v
2
+ 
2
+ i
2
)=
p
2
9
>
;
: (2.38)
Oi sunj ke elaqistopohsh th Ex. (2.9) parèqoun:

V
H
0

1

0
= 0 =) 0 = m
2
1
v
1
+m
2
12
v
2
+
1
8
(g
2
+ g
02
)v
1
(v
2
1
  v
2
2
) ; (2.39)

V
H
0

2

0
= 0 =) 0 = m
2
2
v
2
+m
2
12
v
1
 
1
8
(g
2
+ g
02
)v
2
(v
2
1
  v
2
2
) : (2.40)
H diafìrish tou V
H
0
w pro ti metablhtè 
1
; 
2
parèqei tautìthte. Apì ti Ex. (2.39), (2.40)
prokÔptei h shmasa tou ìrou m
2
12
kai kata epèktash tou ìrou mxh twn uperpedwn H;

H sto u-
perdunamikì th Ex. (2.16), efìson isqÔei kai se qamhlè enèrgeie h Ex. (2.32). Akolouj¸nta to
epiqerhma th An. [9℄, an m
2
12
= 0, tìte oi pijanè lÔsei twn Ex. (2.39) kai (2.40), enai:
 v
1
= v
2
= 0, opìte den sumbanei to SSB
 v
1
= 0; v
2
2
= 8m
2
1
=(g
2
+ g
02
), opìte apì ti skèyei sqediasmoÔ tou uperdunamikoÔ, tou Ed. 2.3.2,
mènoun maza ta down-quark kai ta leptìnia.
 v
2
= 0; v
2
1
=  8m
2
2
=(g
2
+ g
02
), opìte pli apì ta sumpersmata tou Ed. 2.3.2, mènoun maza ta
up-quark.
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Eisgonta th basik  parmetro  tou MSSM mèsw twn sqèsewn:
v
1
= v

; v
2
= vs

; tan :=
v
2
v
1
(2.41)
v
2
= v
2
1
+ v
2
2
; 2v
1
v
2
= v
2
s
2
; v
2
1
  v
2
2
= v
2

2
(2.42)
me ti eÔloge suntmsei os := 

; sin := s

sin 2 := s
2
; os 2 := 
2
kai qrhsimopoi¸nta ta
metagenèstero apotelèsma th Ex. (2.47), oi Ex. (2.39), (2.40) grfontai pio bolik:
m
2
1
=  m
2
12
tan  
1
2
M
2
Z

2
; (2.43)
m
2
2
=  m
2
12
ot +
1
2
M
2
Z

2
: (2.44)
Qrhsimopoi¸nta tou orismoÔ twn Ex. (2.30), (2.31), (2.32), oi prohgoÔmene mporoÔn na lujoÔn w
pro ti parmetre  (me thn aprosdiorista enì pros mou) kai B:

2
=
m
2
H
 m
2

H
tan
2

tan
2
   1
 
1
2
M
2
Z
; B =  s
2
m
2
H
+m
2

H
+ 2
2
2
: (2.45)
Sta arijmhtik progrmmata sun jw upotjetai h epituq  SSB mèsw kbantik¸n diorj¸sewn kai me
dedomèno to tan lambnetai to  mèsw twn Ex. (2.45), ìpw ja exhghje sta Ed. 6.4.
2.4.4 Tomèa Dianusmatik¸n Mpozonwn
Oi ìroi mza gia ta dianusmatik mpozìnia prokÔptoun apì tou kinhtikoÔ ìrou th Ex. (2.28). Pio
sugkekrimèna, dr¸nta me ton telest  th sunallowth parag¸gou th Ex. (2.18) sti Ex. (2.38),
lambnontai ektì apì tou ìrou allhlepidrsewn, kai oi paraktw
g
2
2
v
2
2
2
W
+

W
 
+
e
2
4
2
w
s
2
W
v
2
2
2
Z

Z

+
g
2
2
v
2
1
2
W
+

W
 
+
e
2
4
2
w
s
2
W
v
2
1
2
Z

Z

pou mporoÔn na ermhneutoÔn w ìroi mza. To fsma twn dianusmatik¸n mpozonwn tou protÔpou
sunstatai apì:
 DÔo dianusmatik mpozìnia, W
+

; W
 

mza M
W
tètoia, ¸ste:
M
2
W
W
+

W
 
=
g
2
4
(v
2
1
+ v
2
2
)W
+

W
 
=)M
2
W
=
1
4
g
2
v
2
(2.46)
 'Ena oudètero dianusmatikì mpozìnio, Z

mza M
Z
tètoia, ¸ste:
1
2
M
2
Z
Z

Z

=
e
2
8
2
w
s
2
W
(v
2
1
+ v
2
2
)Z

Z

=)M
2
Z
=
1
4
(g
2
+ g
02
)v
2
(2.47)
 'Ena oudètero dianusmatikì mpozìnio, A

mza M
A
= 0, afoÔ den prokÔptei ìro mza gia autì,
prgma pou  tan anamenìmeno afoÔ epizhtetai o forèa tou hlektromagnhtismoÔ na enai mazo.
Epiplèon, qrhsimopoi¸nta th sqèsh sÔndesh me th stajer Fermi (G
F
= 1:16639 10
 5
GeV
 2
) th
energoÔ jewra twn asjen¸n allhlepidrsewn, lambnetai h arijmhtik  tim  th VEV:
v =
2M
W
g
= (
p
2G
F
)
 1=2
= 246 GeV: (2.48)
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Pnaka 2.2: Mhqanismì Higgs sto MSSM
Prin to SSB Met to SSB
Pedo Bajmo Pedo Bajmo
Eleujera Eleujera
H
0
2 h 1

H
0
2 H 1
H
 
2 A 1
H
+
2 H

2
B

2 A

2
W
3

2 Z

3
W


4 W


6
2.4.5 Tomèa Mpozonwn Higgs
SÔmfwna me thn Ex. (2.10), oi pnake maz¸n twn mpozonwn Higgs prokÔptoun apì thn anptuxh tou
dunamikoÔ th Ex. (2.33) gÔrw apì to kenì th jewra
V
H
= V
0
+
1
2
8
:

1

2
9
;
M
2

8
>
:

1

2
9
>
;
+
1
2
8
:

1

2
9
;
M
2

8
>
:

1

2
9
>
;
+
8
:
H
 
H
+
9
;
M
2

8
>
:
H
+
H
 
9
>
;
; (2.49)
ìpou V
0
= V
H
(v
1
; v
2
). Oi pnake twn tetrag¸nwn twn maz¸n pou prokÔptoun, enai summetriko kai
diagwnopoioÔntai me ènan orjog¸nio metasqhmatismì
R()
y
M
2
 [;℄
R() ìpou R() =
8
>
:
os    sin 
sin  os 
9
>
;
Eidikìtera oi pnake maz¸n pou emfanzontai sthn Ex. (2.49), enai:
a. M
2

o pnaka maz¸n twn CP-peritt¸n mpozonwn Higgs
M
2

=
8
:
D

2
V

i

j
E
0
9
;
=  m
2
12
8
>
:
tan 1
1 ot
9
>
;
; (2.50)
me IDT
0; m
2
A
= m
2
1
+m
2
2
=  m
2
12
=s



(2.51)
kai pnaka diagwnopohsh ton R( ). Apì thn Ex. (2.51) epalhjeÔetai h shmasa tou ìrou
allhlepdrash twn dÔo Higgs ¸ste na mhn prokÔptei mazo mpozìnio Higgs.
b. M
2

o pnaka maz¸n twn CP-rtiwn mpozonwn Higgs
M
2

=
8
:
D

2
V

i

j
E
0
9
;
=
8
>
>
:
m
2
A
s
2

+M
2
Z

2

 (m
2
A
+M
2
Z
)s



 (m
2
A
+M
2
Z
)s



m
2
A

2

+M
2
Z
s
2

9
>
>
;
(2.52)
me IDT
m
2
H;h
=
1
2
h
m
2
A
+M
2
Z

q
(m
2
A
+M
2
Z
)
2
  4m
2
A
M
2
Z

2
2
i
(2.53)
kai pnaka diagwnopohsh ton R() ìpou h  orzetai apì thn epìmenh:
tan 2 = tan 2
m
2
A
+M
2
Z
m
2
A
 M
2
Z
;  =2    0 : (2.54)
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Apì thn Ex. (2.53), uprqei èna mègisto sth mza tou h, pou lambnetai gia 
2
2
= 1 kai enai to
(m
2
h
)
max
= (m
2
A
+M
2
Z
  jm
2
A
 M
2
Z
j)=2 =
8
<
:
m
2
A
; an m
2
A
< M
2
Z
M
2
Z
; an m
2
A
> M
2
Z
(2.55)
Se kje perptwsh dhlad  prèpei m
2
h
< M
2
Z
. H prìbleyh aut  tropopoietai me thn prosj kh twn
diorj¸sewn enì brìqou ìpw ja fane sto Ed. 3.2.2.
g. M
2

o pnaka maz¸n twn fortismènwn mpozonwn Higgs
M
2

= (m
2
A
+M
2
W
)
8
>
:

2

s
2
=2
s
2
=2 s
2

9
>
;
: (2.56)
me IDT
0; m
2
H

= m
2
A
+M
2
W
:
kai pnaka diagwnopohsh ton R()
Sumperasmatik, me ton mhqanismì Higgs oi 8 bajmo eleujera twn mpozonwn Higgs pou dejete
arqik h jewra, anakatanèmontai. Trei apì autoÔ metakinoÔntai ston tomèa twn dianusmatik¸n m-
pozonwn parèqonta mza sta W
+
; W
 
; Z, en¸ oi upìloipoi pènte anadiatssontai ston tomèa twn
mpozonwn Higgs, parèqonta to telikì fsma twn bajmwt¸n mpozonwn th jewra pou enai:
2 oudètera mpozìnia me CP = 1 : h;H
1 oudètero mpozìnio me CP = -1 : A
2 fortismèna mpozìnia : H

.
H katamètrhsh twn bajm¸n eleujera twn swmatwn pou upeisèrqontai sto mhqanismì Higgs prin
kai met to SSB apeikonzetai ston Pnaka 2.2.
2.4.6 Tomèa Fermionwn
Parepìmeno tou mhqanismoÔ Higgs enai o efodiasmì twn fermionwn me mze ìpw perigrfhke sto
Ed. 2.3.2 . Axiopoi¸nta kai ti Ex. (2.41), (2.47), oi mze autè lambnoun th morf :
m
l[d
q
℄
= h
l[D
q
℄
v
1
=
h
l[D
q
℄
p
2M
W


g
; m
u
q
= h
U
q
v
2
=
h
U
q
p
2M
W
s

g
: (2.57)
Epishmanetai kai pli ìti agno jhkan ta fainìmena anmixh anmesa sti geneè pou ja apaitoÔse
pinakikè zeÔzei Yukawa kai epomènw diagonopohsh tou gai thn epteuxh IDK mza.
2.5 To SUSY fsma tou MSSM
H mèqri t¸ra anlush pou epiqeir jhke sto MSSM eqe kpoia stoiqea genikìthta. Sta progrmma-
ta arijmhtik  exomowsh qrhsimopoioÔntai kpoie aplopoihtikè proseggsei. Stìqo th enìthta
aut  enai h andeixh twn proseggsewn aut¸n kai h aplopohsh tou qrhsimopoioÔmenou sumbolismoÔ
sto Ed. 2.5.1. 'Epetai h parousash tou fsmato twn spartiles tou MSSM sta Ed. 2.5.3 kai 2.5.2.
2.5.1 Prosarmog  sumbolismoÔ
H basik  paradoq  pou èqei aplopoihtikè epipt¸sei sto fsma tou MSSM kai sto qrhsimopoioÔmeno
sumbolismì enai ìti ta fermiìnia twn dÔo pr¸twn oikogenei¸n jewroÔntai maza. H upìjesh aut  enai
eÔlogh an analogisje kane th diafor mza pou uprqei anmesa sti mze twn fermionwn twn
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dÔo pr¸twn oikogenei¸n kai se autè th trth. Apì ti zeÔxei Yukawa epizoÔn kai metonomzontai oi
paraktw:
h

; h
U
3
= h
t
; h
D
3
= h
b
(2.58)
opìte o tÔpo maz¸n th Ex. (2.59) metafrzetai w ex :
m
f
:=
8
>
>
<
>
>
:
174h
f
s

GeV; an f = t
174h
f


GeV; an f = b; 
0 GeV; an f = e; 
e
; 

; u; d
(2.59)
ìpou 174 = v=
p
2 kai qrhsimopoietai to dio sÔmbolo gia ta fermiìnia twn dÔo pr¸twn oikogenei¸n.
Sunèpeie aut  th aplopoi sh enai ìti kai oi SBT twn dÔo pr¸twn oikogenei¸n prokÔptoun ekfulis-
mènoi, ìpw aporèei apì ti RGE tou Ed. Aþ.3, opìte o sumbolismì metexelssetai w ex :
L

= L
L
; E

= 
R
; Q
3
= Q
L
; U
3
= t
R
; D
3
= b
R
L
e[℄
= l
L
; E
e[℄
= e
R
; Q
1[2℄
= q
L
; U
1[2℄
= u
R
; D
1[2℄
= d
R
(2.60)
Me ti tropopoi sei autè, o sumbolismì enarmonzetai me ton qrhsimopoioÔmeno sto Parrthma Aþ.
2.5.2 Tomèa Sfermion
O pnaka maz¸n twn sfermion prokÔptei (An. [6℄) apì thn anptuxh kata Taylor tou dunanikoÔ V
MSSM
gÔrw apì to kenì th jewra, sÔmfwna me thn Ex. (2.10). Ta diag¸nia stoiqea prokÔptoun apì tou
ìrou twn Ex. (2.25), (2.26), tou prosjetaou th pr¸th gramm  th Ex. (2.27) kai autoÔ th
teleutaa gramm  th Ex. (2.24). Ta mh diag¸nia stoiqea prokÔptoun apì tou ìrou th teleutaa
gramm  th Ex. (2.27) kai tou dÔo pr¸tou prosjetaou th Ex. (2.24). Telik o enlìgw pnaka
grfetai:
M
2
~
f
=
8
>
>
:
m
2
~
fL
m
2
~
fLR
m
2
~
fLR
m
2
~
fR
9
>
>
;
: (2.61)
Ston pnaka autì emfanzontai:
 Diag¸nia stoiqea, pou mporoÔn na grafoÔn w ex :
m
2
~
fL
= m
2
D
f
L
+m
2
f
+M
2
Z
g
fL

2
; (2.62)
m
2
~
fR
= m
2
f
R
+m
2
f
+M
2
Z
g
fR

2
; (2.63)
me f =
8
<
:


; ; t; b (bariè geneè)

e
; e; u; d (elafrè geneè)
kai D
f
L
:=
8
<
:
L
L
[Q
L
℄; an f = 

;  [t; b℄
l
L
[q
L
℄; an f = 
e
; e [u; d℄
(2.64)
Oim
D
f
L
kaim
f
R
enai oi SBT pou dnontai sto Parrthma Aþ.3. Profan¸, m
2
f
R
= 0, an f = 
e
; 

.
Oi posìthte g
fL[R℄
upologzontai apì thn Ex. (2.21) kai omadopoioÔntai w ex :
{ Gia ta leptìnia:
g
fR
= g
f
(0; 0); g
fL
= g
f
(1=2; 0) an f = 
e
; 

g
fL
= g
f
( 1=2; 1); g
fR
= g
f
(0; 1) an f = e; 
{ Gia ta quarks:
g
fR
= g
f
(0; 2=3); g
fL
= g
f
(1=2; 2=3) an f = u; t
g
fL
= g
f
( 1=2; 1=3); g
fR
= g
f
(0; 1=3) an f = d; b
22 Elqista Upersummetrikì Kajierwmèno Prìtupo
Pnaka 2.3: Fsma Upersummetrik¸n Swmatidwn
'Onoma IDK Bajmda IDK Mza Spin R- Parity
~
e
; ~

; ~

~
e
; ~

Sleptons ~e
L
; ~e

L
; ~

L
; ~
L
~e
L
; ~e

R
0  1
~
L
; ~

L
~
1
; ~
2
~u
L
; ~u

L
; ~s

L
; ~s
L
~u
L
; ~u

R
Squarks
~
d
L
;
~
d

L
; ~

L
; ~
L
~
d
L
;
~
d

R
0  1
~
t
L
;
~
t

L
;
~
b

L
;
~
b
L
~
t
1
;
~
t
2
;
~
b
1
;
~
b
2
Neutralinos
~
B;
~
W;
~
H
0
;
~

H
0
~; ~
0
2
; ~
0
3
; ~
0
4
1=2  1
Charginos
~
W

;
~
H
 
;
~
H
+
~

1
; ~

2
1=2  1
Gluinos ~g
A
~g
A
1=2  1
 M  diag¸nia stoiqea, pou mporoÔn na grafoÔn w ex :
m
2
~
fLR
=
8
>
>
<
>
>
:
m
f
8
<
:
(A
f
+  ot); an f = t
(A
f
+  tan); an f = b; 
0; an f = e; 
e
; 

; u; d
(2.65)
Mèsw th Ex. (2.65), o pnaka th Ex. (2.61), prokÔptei diag¸nio gia ti elafrè geneè en¸ gia ti
bariè geneè, diagwnopoietai me ènan orjog¸nio pnaka R
f
w ex :
R
y
f
M
2
~
f
R
f
= diag(m
2
~
f
1
;m
2
~
f
1
) me m
~
f
1
 m
~
f
2
; (2.66)
ìpou m
~
f
1
; m
~
f
2
oi IDT tou pnaka M
2
~
f
me antstoiqe IDK ti
8
>
:
~
f
1
~
f
2
9
>
;
= R
y
f
8
>
:
~
f
L
~
f
R
9
>
;
; ìpou R
f
=
8
>
:

f
 s
f
s
f

f
9
>
;
: (2.67)
kai qrhsimopoi jhkan oi eÔloge suntmsei s
f
:= sin 
f
; 
f
:= os 
f
. Profan¸ h diadikasa di-
agwnopohsh apokt barÔnousa axa ìtan ta mh diag¸nia stoiqea tou pnaka th Ex. (2.61) enai
shmantik, prgma pou sumbanei kurw ìtan h parmetro tan lambnei uyhlè timè.
2.5.3 Tomèa twn Neutralino kai Chargino
Me th diadikasa tou SSB, oi IDK bajmda twn gauginos kai higssinos anamignÔontai kai parèqoun ti
IDK mza pou onomzontai neutralino kai hargino. Oi mìne apì ti IDK bajmda pou den epirezontai
apì thn anmixh aut  kai tautzontai me ti IDK mza enai autè twn gluino. Oi IDT tou proèrqontai
mìno apì tou SBT th deÔterh gramm  th Ex. (2.27) kai enai oi M
3
.
Oi ìroi mza twn upolopwn gauginos kai higgsinos taxinomoÔntai (An. [6℄) sqhmatzonta tou
pnake twn neutralino kai hargino, oi opooi melet¸ntai paraktw:
a. O pnaka twn Neutralino. ProkÔptei apì thn omadopohsh twn hlektrik oudèterwn ìrwn twn
gauginos kai higgsinos, oi opooi mporoÔn na grafoÔn w ex :
 
1
2
8
:
 i
~
B   i
~
W
3
~
H
0
~

H
0
9
;
M
~
0
8
>
>
>
>
>
>
>
>
:
 i
~
B
 i
~
W
3
~
H
0
~

H
0
9
>
>
>
>
>
>
>
>
;
+ h:  ; (2.68)
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ìpou o pnaka maz¸n twn neutralino, enai:
M
~
0
=
8
>
>
>
>
>
>
>
:
M
1
0  M
Z
s
W


M
Z
s
W
s

0 M
2
M
Z

W


 M
Z

W
s

 M
Z
s
W


M
Z

W


0 
M
Z
s
W
s

 M
Z

W
s

 0
9
>
>
>
>
>
>
>
;
; (2.69)
SÔmfwna me th genik  Ex. (2.11), oi ìroi tou pnw aristerou tetarthmorou, proèrqontai apì thn
Ex. (2.27), tou ktw dexioÔ apì thn Ex. (2.22) kai twn mh diag¸niwn apì thn Ex. (2.23).
0 pnaka th Ex. (2.69) enai summetrikì kai mpore na digwnopoihje me qr sh enì orjog¸niou
pnaka Z. O prokÔpton pnaka Z
T
M
~
0
Z enai diag¸nio all ìqi anagkastik me jetikè IDT.
Prèpei na oriste o pnaka:
N = diag(e
 i
0
1
=2
; e
 i
0
2
=2
; e
 i
0
3
=2
; e
 i
0
4
=2
)Z (2.70)
ìpou 
0
n
= Arg(Z
T
M
~
0
Z)
nn
; n = 1; 2; 3; 4 (2.71)
Profan¸ den ennoetai jroish stou dekte n. Epomènw, h diagwnopohsh tou pnaka th Ex.
(2.69) parèqei ti mze twn neutralino w ex :
N
T
M
~
0
N = diag(m
~
; m
~
0
2
; m
~
0
3
; m
~
0
4
) (2.72)
'Opw ja anaferje sto keflaio 5, to LSP sun jw prokÔptei na enai h elafrìtath apì ti IDT
tou pnaka th Ex. (2.69) kai giautì sumbolzetai pio sÔntoma apì ti upìloipe w m
~
.
b. O pnaka twn Chargino. ProkÔptei apì thn omadopohsh twn hlektrik fortismènwn ìrwn twn
gauginos kai higgsinos, oi opooi mporoÔn na grafoÔn w ex :
 
1
2
8
:
 
+
T
 
 
T
9
;
8
>
:
0 M
~

M
T
~

0
9
>
;
8
>
:
 
+
 
 
9
>
;
+ h:  (2.73)
ìpou orsthkan oi spnore
 
+
:=
8
>
:
 i
~
W
+
~
H
+
9
>
;
kai  
 
:=
8
>
:
 i
~
W
 
~
H
 
9
>
;
(2.74)
me
~
W

:= (
~
W
1
 i
~
W
2
)=
p
2 kai o pnaka maz¸n twn hargino, enai:
M
~

=
8
>
:
M
2
p
2M
W
s

p
2M
W


 
9
>
;
: (2.75)
SÔmfwna me th genik  Ex. (2.11), o pnw aristerì ìro tou proèrqetai apì thn Ex. (2.27), o ktw
dexiì apì thn Ex. (2.22) kai oi mh diag¸nioi apì thn Ex. (2.23).
O pnaka M
~

den enai oÔte ermitianì oÔte summetrikì kai epomènw diagwnopoietai qrhsi-
mopoi¸nta èna di-monadiao metasqhmatismì U
0
M
~

V
 1
, ìpou U
0
kai V enai ermhtiano pnake
pou diagwnopoioÔn ton ermitianì pnaka M
y
~

M
~

w ex :
V (M
y
~

M
~

)V
 1
= diag(jm
~
+
1
j
2
; jm
~
+
2
j
2
) = U
0
(M
~

M
y
~

)(U
0
)
 1
(2.76)
O pnaka U
0
M
~

V
 1
enai diag¸nio all ìqi anagkastik me jetikè IDT. Prèpei na oriste o
pnaka:
U = diag(e
 i

1
=2
; e
 i

2
=2
)U
0
ìpou 


= Arg(U
0
M
~

V
 1
)

;  = 1; 2 (2.77)
Profan¸ den ennoetai jroish stou dekte . Epomènw, h diagwnopohsh tou pnaka th Ex.
(2.75) parèqei ti mze twn hargino w ex :
U

M
~

V
y
= diag

m
~
+
1
; m
~
+
2

: (2.78)
Oi IDK bajmda (prin to SSB) kai mza (met to SSB) twn spartiles tou MSSM katagrfontai sto
sugkentrwtikì Pnaka 2.3, maz me tou kbanikoÔ arijmoÔ tou spin kai th R-Parity. Parathretai ìti
gia ti IDK mza twn sfermions twn dÔo pr¸twn oikogenei¸n qrhsimopoietai to dio sÔmbolo.
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2.6 Allhlepdrash Fermion-Sfermion-Bino
H pio shmantik  allhlepdrash pou ja qrhsimopoihje sti ANE kai sti miktè CAE (~ 
~
f), ìpw ja
anaferje sto Ed. 5.5, enai h fermion-sfermion-Bino.
H allhlepdrash aut  proèrqetai apì to tm ma th lagkrazian  th Ex. (2.23) kai dh ton pr¸to ìro
th. Orzonta tou spnore me 4 sunist¸se w ex :
f =
8
>
:
f
L
(f

L
)
y
9
>
;
kai ~ =
8
>
:
 i
~
B
i

~
B
9
>
;
: (2.79)
(me to f na parnei ti timè pou fanetai sthn Ex. (2.59) ) o sqetikì ìro Ex. (2.23) grfetai me qr sh
twn IDK bajmda (se armona me ti Ex. (C.75) th An. [13℄ kai (A.23) th An. [12℄)
L
f
~
f ~
=
p
2g tan 
W

 Y
fL

fP
R
~
f
L
~+ Y
fR

fP
L
~
f
R
~

+ h: (2.80)
Ektel¸nta th strof  orismoÔ twn IDK mza th Ex. (2.67) kai qrhsimopoi¸nta thn Ex. (2.20), h Ex.
(2.80) grfetai:
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(2.81)
Oi kìmboi Feynman pou antloÔntai apì thn Ex. (2.81) dieujetoÔntai sto Ed. Bþ.3.2. Axzei na
shmeiwje ìti to Y
fL[R℄
den antistoiqe akrib¸ sto uperforto pou shmei¸netai ston Pnaka 2.1 all
sto Y=2.
Sto shmeo autì sw ja èprepe na anaferjoÔn ìla ta tm mata th lagkrazian  ta opoa parè-
qoun allhlepidrsei pou qrhsimopoi jhkan sti CAE. Autì, ìmw, ousiastik ja katèlhge se mia
anadhmoseush twn An. [12℄ kai [13℄. Giautì kai ègine h epilog  th endeiktik  parousash mìno mia
allhlepdrash, th basikìterh, pou enai h fermion-sfermion-Bino kai h diagrammatik  katagraf  twn
upolopwn sto Ed. Bþ.3.2.
Keflaio 3
Fainomenologikè
efarmogè-Diorj¸sei
3.1 Eisagwg 
Mia diereÔnhsh tou MSSM epèkeina tou dendrikoÔ epipèdou ja epiqeirhje se autì to keflaio. To
egqerhma enai anagkao kurw sti peript¸sei meglou tan, to opoo enai Ôpopto gia thn prìklhsh
isqur¸n diorj¸sewn. Arqik melet¸ntai oi upersummetrikè diorj¸sei pou lambnoun oi mze tou CP-
even tomèa Higgs tou protÔpou sto Ed. 3.2 kai sth sunèqeia, twn fermionwn th trth oikogèneia sto
Ed. 3.3. Tèlo, sto Ed. 3.4 parousizetai to tupolìgio pou parèqei ton anhgmèno lìgo (: branhing ratio)
th diadikasa b ! s. Ta efìdia tou kefalaou autoÔ, ja enai ta basik krit ria fainomenologik 
melèth diafìrwn eidik¸n ekdìsewn tou MSSM sto ereunhtikì tm ma th ergasa pou ja akolouj sei.
3.2 Diorj¸sei sti mze twn Mpozonwn Higgs
Kentrikì rìlo sto jèma twn diorj¸sewn pou prostjentai sto dendrikoÔ epipèdou dunamikì tou MSSM
pazei h ènnoia th pronomiak  klmaka enèrgeia, h opoa eisgetai sto Ed. 3.2.1. Akolouje sto Ed.
3.2.2 to tupolìgio pou parèqei ti diorj¸sei sta CP-even Higgs mpozìnia, oi opoe enai axioshmewte
gia to elafrìtero apì aut, to h.
3.2.1 Pronomiak  Klmaka Enèrgeia
H ènnoia th pronomiak  klmaka enèrgeia eisgetai apì tou Drees kai Nojiri sthn An. [18℄ kai ek
tote akoloujetai apì pollè omde ereunht¸n. SÔmfwna me tou empneustè aut  th idèa, uprqei
klmaka enèrgeia, M
S
, sthn opoa oi diorj¸sei sto epanakanonikopoihmèna beltiwmèno se eppedo èno
brìqou energì dunamikì (one-loop renormalization group improved eetive potential) periorzontai kai
epomènw, to epanakanonikopoihmèna beltiwmèno se dendrikì eppedo energì dunamikì (tree-level renor-
malization group improved eetive potential) dnei pio axiìpista apotelèsmata se aut  thn energeiak 
klmaka par se opoiad pote all . Ara, enai wfèlimo na gnetai se aut n thn energeiak  klmaka h
elaqistopohsh tou energoÔ dunamikoÔ afoÔ oi diorj¸sei anamènontai na enai mikrè. Epiplèon, se aut 
thn klmaka oi diorj¸sei sth mza tou CP-odd Higgs, m
A
enai exsou mikrè.
Oi suneisforè pou lambnontai upìyh sti diorj¸sei autè proèqontai apì brìqou me sfermions-
fermions th trth oikogèneia kai dnontai sto Parrthma th An. [18℄. Epeid  mlista, sti diorj¸sei
autè, proexrqousa enai h suneisfor twn barÔterwn apì ta sfermions, fusiologik twn stops h pros-
eggistik  tautìthta aut  th energeiak  klmaka enai:
M
S
'
p
m
~
t
1
m
~
t
2
: (3.1)
Enai dÔskolo na gnei èlegqo twn prohgoumènwn apofnsewn. Kai autì, diìti apaitetai na u-
pologsei kane ti diorj¸sei an¸terwn txewn gia na peiste gia thn orjìthta   mh twn isqurism¸n
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h [H ℄ h [H ℄
~
f
L;R
h [H ℄ h [H ℄
~
f
L;R
~
f
L;R
Sq ma 3.1: Oi brìqoi twn sfermions,
~
f :=
~
t;
~
b pou suneisfèroun sth diìrjwsh th mza twn CP rtiwn
Higgs h; H .
pou diatup¸jhkan parapnw sqetik me thn axa th energeiak  aut  klmaka. Bebaw, uprqoun
neìtere, beltiwmène ekdìsei twn diorj¸sewn aut¸n, oi pio pl rei twn opown ektjentai sta Parart -
mata D, E th An. [19℄. Oi diorj¸sei autè èqoun grafe kai se arijmhtikì prìgramma pou qrhsi-
mopoi jhke ston upologismì th An. [72℄. Eke kai gnetai kpoio sqetikì sqoliasmì twn eurhmtwn
sthn epikndunh perptwsh th uyhl  tan. Ta sumpersmata sunoyzontai sta paraktw shmea:
 Oi diorj¸sei sthn parmetro  (upologismènh apì thn elaqistopohsh tou epanakanonikopoihmèna
beltiwmènou se dendrikì eppedo energoÔ dunamikoÔ se klmaka M
S
) apì thn elaqistopohsh tou
epanakanonikopoihmèna beltiwmènou se eppedo èno brìqou energoÔ dunamikoÔ enai shmantik
mikrè, th txew 1%. Ta apotelèsmata aut, enai exairetik eustaj  me mikr  metaknhsh th
pronomiak  klmaka M
S
.
 Oi suneisforè apì brìqou neutralino-neutralino hargino-hargino enote den enai amelhtae
kurw sth perptwsh tou fortismènou mpozwnou Higgs, prgma pou kajist th diìrjwsh axiosh-
mewth gia mikr A perpou 20% all asjen  argìtera 2%. Epiplèon, oi diorj¸sei sth mza
tou elafroÔ oudèterou mpozonou Higgs emfanzontai meiwmène kat 8% perpou en¸ se aut 
tou barÔterou oudèterou mpozonou Higgs emfanzontai auxhmène kat 10% perpou. Epiplèon,
parathretai astjeia sth sumperifor twn apotelesmtwn aut¸n, me mikr  metaknhsh apì to M
S
kurw gia ti mazè twn h; H; H

. Autì ofeletai sti epiplèon suneisforè pou shmei¸jhkan
prohgoumènw. Gi autì kai telik den sumperilambnontai ston upologismì prgma pou kajist
ta apotelèsmata sÔmfwna me ta koin¸ kemena.
Gia tou lìgou autoÔ den jewr jhke skìpimh h parousash enì tìso sklhroÔ tupolìgiou ta apotelès-
mata tou opoou den ephrezoun aisj ta ta fainomenologik kai kosmologik exagìmen ma. Sta plasia
th diatrib  aut , oi diorj¸sei autè den lambnontai upìyh sto arijmhtikì prìgramma kai kata epèk-
tash sta sqetik diagrmmata. Epiplèon, apofaszetai ìti h proteinìmenh pronomiak  klmaka enèrgeia
parèqei axiìpista apotelèsmata. Epomènw, se autì to energeiakì shmeo gnetai h elaqistopohsh tou
epanakanonikopoihmèna beltiwmènou se dendrikì eppedo energoÔ dunamikoÔ kai tautìqrona oi RGE tou
MSSM dnoun th jèsh tou sti RGE tou SM .
3.2.2 Diorj¸sei sti mze twn rtiwn CP Higgs
Oi diorj¸sei sti mze twn rtiwn CP Higgs mporoÔn na lhfjoÔn an sth morf  tou dunamikoÔ tou
dendrikoÔ epipèdou th Ex. (2.49) prostejoÔn oi ìroi twn kbantik¸n diorj¸sewn radiative orretions. Ta
diagrmmata pou suneisfèroun sti diorj¸sei autè, perièqoun brìqou sfermions kai enai th morf 
twn eikonizìmenwn sto Sq. 3.1. Proexrqousa sumbol  sto telikì apotèlesma, èqoun ta diagrmmata
pou perikleoun brìqou apì stops, pou logik enai pio bari apì ta upìloipa sfermions. Sto tupolìgio
pou ja parousiaste paraktw sumerilambnontai diorj¸sei apì brìqou stops kai sbottoms.
O diorjwmèno pnaka twn rtiwn CP Higgs mpore na grafe w ex :
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Lìgw th summetra tou M
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me i; j = 1; 2. Oi diorj¸sei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brskontai apì thn An. [18℄ kai upologzontai apì tou paraktw tÔpou:
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me R
q
= ot [tan℄ gia q = t [b℄. H diorjwmènh gwna diagwnopohsh brsketai apì thn paraktw:
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To apotèlesma efarmog  tou tupìlogiou autoÔ dnei as mante diorj¸sei sth mza tou H all
shmantikè sth mza tou h. Me ton sunupologismì twn diorj¸sewn aut¸n, h mègisth problepìmenh mza
tou h auxnetai apì thn dendrikoÔ epipèdou tim  th Ex. (2.55) se 130 GeV, prgma pou prostateÔei to
MSSM apì mia peiramatik  apìrriyh. Kai autì, dioti  dh brskontai se exèlixh peirmata entopismoÔ
tou h pou anebzoun to ktw epitreptì ìriì tou w ex :
m
h
> 105 GeV: (3.10)
3.3 Diorj¸sei sti mze twn fermionwn
Profan¸ apeujunìmaste se mze twn fermionwn th trth gene, afoÔ se ìlh thn èktash aut  th
diatrib , ta fermiìnia twn dÔo pr¸twn gene¸n jewroÔntai maza. Oi pl rei exis¸sei pou parèqoun ti
diorj¸sei autè, me ìle ti dÔnate suneisforè pou prokÔptoun sta plasia tou MSSM kai se eppedo
enì brìqou, dnontai sto Parrthma D th An. [19℄. Ed¸ parousizontai sta Ed. 3.3.1, 3.3.2 kai 3.3.3
oi proseggistiko tÔpoi pou kat tou suggrafe th anafor aut , apoddoun me meglh akrbeia kai
se kje perptwsh th shmasa th kje diìrjwsh.
3.3.1 Mza tou b-quark
Axioprìsekte diorj¸sei mpore na prokÔyoun sth mza tou b-quark apì SUSY suneisforè se eppedo
enì brìqou, Oi diorj¸sei autè, enai idiaitèrw auxhmène sti peript¸sei meglwn tim¸n sthn
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Sq ma 3.2: Oi brìqoi sbottom-gluino, (a) kai stop-higgsino, (b) pou suneisfèroun sth diìrjwsh th
mza tou b-quark
parmetro tan, sÔmfwna me ti An. [20℄ kai [21℄. Ta diagrmmata apì ta opoa proèrqontai oi diorj¸sei
autè fanontai sto Sq. 3.2.
H diorjwmènh mza tou b-quark dnetai apì ton tÔpo:
m

b
= m
b
(1 + m
b
) (3.11)
ìpou m
b
h dendrikoÔ epipèdou mza pou upologzetai apì thn Ex. (2.59) kai m
b
h diìrjwsh pou èqei
dÔo SUSY suneisforè:
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(3.12)
proerqìmene apì tou brìqou:
a. gluino-sbottom, Sq. 3.2 (a), me tÔpo upologismoÔ ton epìmeno:
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ìpou 
b
enai h gwna anmixh twn sbottom pou emfanzetai sthn Ex. (2.67) kai mpore na upolo-
gisje apì ton tÔpo:
sin 2
b
=
2m
b
(A
b
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)
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 m
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~
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2
: (3.14)
Aut  enai kai h proexrqousa suneisfor sth diìrjwsh tou b-quark. 'Eqei elegqje ìti h fìrmoula
aut  tautzetai pl rw ton antstoiqo ìro th qrhsimopoioÔmenh diìrjwsh apì ti An. [20℄, [21℄
all me allagmèno prìshmo.
b. hargino-stop, Sq. 3.2 (b), me tÔpo upologismoÔ ton epìmeno:
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O pr¸to ìro th exswsh aut  parèqei so kat apìluth tim  (all me antjeto shmeo) apotè-
lesma me to deÔtero ìro tou qrhsimopoioÔmenou apì ti An. [20℄, [21℄ tÔpou. O deÔtero ìro th
prohgoÔmenh exswsh den perièqetai sti dÔo lle anaforè kai dnei mia meiwmènh ìqi ìmw
amelhtaa suneisfor.
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Oi sunart sei pou upeisèrqontai ston upologismì enai:
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me M
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2
); m
12
= min(m
1
;m
2
); kai x
12
= m
2
2
=m
2
1
.
Ta peiramatik ìria gia th mza tou b-quark ìpw prokÔptoun apì thn An. [22℄ enai ta ex :
m
b
(M
Z
) = 2:67 0:50 GeV: (3.18)
3.3.2 Mza tou t-quark
Antjeta me thn perptwsh tou b-quark, h mza tou t-quark den lambnei shmantikè SUSY diorj¸sei.
Autè proèrqontai apì to digramma pou perièqei to gluino-stop brìqo kai upologzontai apì thn Ex.
(3.13) me thn profan  antikatstash b! t.
Sthn perptwsh tou t-quark, enai qr simo na eisaqje h èkfrash pou parèqei thn fusik  mza tou
m
t
(physial) se kpoia energeiak  klmaka M :
m
t
(physial) = m
t
(M) [ 1 + m
t
(M) ℄ (3.19)
ìpou m
t
(M) h dendrikoÔ epipèdou mza pou upologzetai apì thn Ex. (2.59) kai m
t
h diìrjwsh pou
èqei mia kÔria SM suneisfor proerqìmenh apì to gluon-top brìqo pou upologzetai sÔmfwna me thn
An. [65℄ apì thn:
m
t
(M) =
g
2
3
12
2

3 ln

M
2
m
2
t

+ 4

: (3.20)
me g
3
thn isqur  zeÔxh bajmda thn proerqìmenh apì thn omda SU(3)

. To arijmhtikì tm ma th
agkÔlh th Ex. (3.20) exarttai apì to sq ma epanakanonikopohsh pou èqei epilege kai pou sthn
perptwsh ma enai to MS.
Sun jw sthn Ex. (3.20) tjetai h trèqousa tim  tou t-quark m
t
(m
t
), gia thn opoa ta peiramatik
ìria pou qrhsimopoihjhkan sth diatrib  (An. [19℄) enai ta ex :
m
t
(m
t
) = 166 0:05 GeV: (3.21)
opìte lambnetai h polik  mza tou t-quark pou peiramatik prosdiorzetai sta 176 8 GeV.
3.3.3 Mza tou leptonou 
Oi diorj¸sei sth mza tou leptonou  enai asfal¸ mikrìtere se sqèsh me autè tou b-quark ìqi
ìmw kai amelhtae sthn perptwsh tou uyhloÔ tan. H diorjwmènh mza tou leptonou  dnetai apì
ton tÔpo:
m


= m

(1 + m

) (3.22)
ìpou m

(M) h dendrikoÔ epipèdou mza pou upologzetai apì thn Ex. (2.59) kai m

h diìrjwsh pou
proèrqetai apì to brìqou hargino-tau sneutrino kai dnetai apì thn epìmenh fìrmoula:
m

=
g
2
16
2
M
2
tan

2
 M
2
2
"
B
0
(M
S
;M
2
;m
~

) B
0
(M
S
; ;m
~

)
#
; (3.23)
ìpou h sunrthsh B
0
(M
S
;m
1
;m
2
) dnetai sthn Ex. (3.16).
Ta peiramatik ìria gia th mza tou leptonou  ìpw prokÔptoun apì thn An. [19℄ enai ta ex :
m

(M
Z
) = 1:74 0:0063GeV: (3.24)
Epishmanetai ìti sti Ex. (3.11) kai (3.22) oi SUSY diorj¸sei upologzontai se energeiak  klmaka
M
S
afoÔ se autì to shmeo stamat h exèlixh twn SUSY paramètrwn.
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3.4 To BR(b! s)
H diadikasa b ! s upoblei sobaroÔ periorismoÔ sto q¸ro paramètrwn tou MSSM. Gi autì kai
h je¸rhs  th, sta plasia twn fainomenologik¸n efarmog¸n, pou exetzontai, enai epibeblhmènh.
Paraktw parousizetai to efarmozìmeno ston arijmhtikì upologismì tupolìgio, me QCD diorj¸sei
kÔria txh (: LO) sto Ed. 3.4.1 kai pr¸th met thn kÔria txh (: NLO) sto Ed. 3.4.2. Kpoia
sumpersmata sqetik me ta apotelèsmata tou upologismoÔ autoÔ ektjentai sto Ed. 3.4.3 kai akolou-
joÔn ta peiramatik ìria pou prèpei na ikanopoioÔntai sto Ed. 3.4.4.
3.4.1 Tupolìgio upologismoÔ me LO QCD diorj¸sei
O pr¸to upologismì pou anafèretai sth bibliografa enai autì th An. [23℄, o opoo ìmw, lìgw
poluplokìthta, kajstatai dusqrhstì. EÔqrhsto, kai koin apodektì, an kai lgo aplopoihtikì,
enai o formalismì th An. [24℄, o opoo kai parousizetai paraktw. O basikì tÔpo parèqei ton
epmaqo anhgmèno lìgo tou b! s, kanonikopoihmèno sto BR(b! e), mèsw th èkfrash:
BR(b! s)
BR(b! e)
=
j V

ts
V
tb
j
2
j V
b
j
2
6
em
(m
b
)

[
16=23
A

+
8
3
(
14=23
  
16=23
)A
g
+ C
Wb
℄
2
I(x
b
)[1 
2
3

s
(m
b
)f(x
b
)℄
: (3.25)
Dieukrin sei sqetik me thn proèleush twn diafìrwn ìrwn pou upeisèrqontai ston upologismì kaj¸
kai oi arijmhtikè timè pou qrhsimopoioÔntai, dinontai paraktw:
 O anhgmèno lìgo th dispash b! e tjetai BR(b! e) = :104.
 H hlektromagnhtik  stajer lept  uf  se klmaka enèrgeia m
b
èqei tim  
em
(m
b
) = 1=132:5.
 O lìgo twn sqetik¸n stoiqewn tou pnaka CKM èqei kentrik  tim  pou dnetai:
jV

ts
V
tb
j
2
jV
b
j
2
= 0:95 0:04 : (3.26)
 H sunrthsh I(x) proèrqetai apì to q¸ro twn fsewn I(x) = 1  8x
2
+ 8x
6
  x
8
  24x
4
lnx.
 H proerqìmenh apì thn QCD diìrjwsh gia thn hmileptonik  diadikasa sumperilambnetai mèsw
tou pargonta f(x
b
) = 2:41 ìpou x
b
=
m

m
b
= :316 :013.
 To sÔmbolo  =

s
(M
W
)

s
(m
b
)
= :548, ektele thn anagwg  apì klmaka enèrgeia M
W
se m
b
.
 To sÔmbolo C
Wb
ekfrzei th LO diìrjwsh th QCD sto b! s pou parnei th morf 
C
Wb
=
8
X
i=1
h
i

d
i
ìpou, kat thn An. [25℄, oi timè twn stajer¸n enai:
d = (
14
23
;
16
23
;
6
23
;  
12
23
; 0:4086;  0:4230;  0:8994; 0:1456)
h = (
626126
272277
;  
56281
51730
;  
3
7
;  
1
14
;  0:6494;  0:0380;  0:0186;  0:0057)
(3.27)
Ta plthA

, A
g
prokÔptoun apì ton upologismì diagrammtwn (tÔpou pingkounou) me tra exwterik
pìdia b; s kai ; Z   g antstoiqa, ta opoa eikonzontai sto Sq. 3.3. Profan¸, h suneisfor tou pltou
A

enai exìqw despìzousa. Sto mesolaboÔnta brìqo h allhlepdrash lambnei q¸ra me parousa dÔo
swmatwn proèleush ete apì to SM, ete apì to MSSM. Gi autì, kai oi epimèrou suneisforè sta
jewroÔmena plth enai skìpimo na katatagoÔn se trei kathgore:
A
[g℄
= A
SM
[g℄
+A
H

[g℄
+A
~

[g℄
(3.28)
Analutik, to plto me endimesa swmtia:
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b
s
b
s
(d)(g)
~g; ~
0
j
~

j
~
t
k
; ~u
L;R
~
b
k
;
~
d
L;R
; g; Z ; g; Z
b
s
b
s
(b)(a)
H
 
W
 
t t
; g; Z ; g; Z
Sq ma 3.3: Oi brìqoi W
 
-top (a), H
 
-top (b), hargino-stop, sup (g), gluino, neutralino-sbottom,
sdown (d), pou suneisfèroun sto BR(b! s). O exerqìmeno kldo mpozonou Bajmda, ; Z; g (qrin
aplìthta kai to gluon sumbìlizetai me ton dio tÔpo kldou) episunptetai sto upìloipo digramma me
ìlou tou dunatoÔ trìpou
a. W

  u (u: up-quark) ofeletai apokleistik sth Fusik  tou SM kai dnetai apì ton tÔpo:
A
SM
[g℄
=
3
2
m
2
t
M
2
W
f
(1)
[g℄

m
2
t
M
2
W

(3.29)
b. H

  u den ofeletai apokleistik sth Fusik  MSSM , (lìgw th sunÔparxh swmatou tou SM,
up-quark kai tou MSSM, H

) gi autì kai logzetai qwrist. O tÔpo pou to parèqei enai:
A
H

[g℄
=
1
2
m
2
t
m
2
H


1
tan
2

f
(1)
[g℄

m
2
t
m
2
H


+ f
(2)
[g℄

m
2
t
m
2
H


(3.30)
g. ~

1[2℄
  ~u
L[R℄
; ~

 
~
t
1[2℄
ofeletai apokleistik sth Fusik  MSSM kai qwrzetai w ex :
A
~

[g℄
= A
~

[g℄1
+A
~

[g℄2
+A
~

[g℄3
+A
~

[g℄4
; (3.31)
ìpou oi epimèrou suneisforè dnontai paraktw:
A
~

[g℄1
=
2
X
j=1
M
2
W
m
2
~

j
jV
j1
j
2
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[g℄
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
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2
~u
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2
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1
A
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A
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
[g℄2
=  
2
X
j;k=1
M
2
W
m
2
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V
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 
V
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m
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
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1
A
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X
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M
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[g℄
0

m
2
~u
m
2
~

j
1
A
;
A
~

[g℄4
=
2
X
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M
W
m
~

j
U
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V
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(R
t
)
k1
  V
j2
(R
t
)
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m
t
p
2M
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!
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
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f
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0

m
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:
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'Opou U; V oi pnake diagwnopohsh tou pnaka twn hargino pou orzontai sthn Ex. (2.78) kai
R
t
o pnaka diagwnopohsh tou pnaka twn stops pou orzetai sthn Ex. (2.66). Epsh, ta squarks
twn pr¸twn oikogenei¸n, ~u
L
; ~u
R
jewr jhkan ekfulismèna mza m
~u
, upìjesh pou den enai makri
apì thn pragmatikìthta, sta fsmata pou elègqhkan.
d. ~g  
~
d
L[R℄
;
~
b
1[2℄
ofeletai apokleistik sth Fusik  MSSM . H suneisfor tou dÔnatai na amelhje
kurw ìtan èqoun upoteje pagkìsmie arqikè sunj ke kai èqei amelhje h anamixh metaxÔ gene¸n.
e. ~; ~
0
2;:::;4
 
~
d
L[R℄
;
~
b
1[2℄
ofeletai apokleistik sth Fusik  MSSM. Omow me to prohgoÔmeno, h
suneisfor tou dÔnatai na amelhje, sÔmfwna me ta koin¸ kemena.
Oi emplekìmene ston upologismì sunart sei dnontai paraktw:
f
(1)

(x) =
(7  5x  8x
2
)
36(x  1)
3
+
x(3x   2)
6(x  1)
4
lnx ;
f
(2)

(x) =
(3  5x)
6(x  1)
2
+
(3x  2)
3(x  1)
3
ln x ;
f
(3)

(x) = (1  x)f
(1)

(x) 
x
2
f
(2)

(x)  
23
36
;
f
(1)
g
(x) =
(2 + 5x  x
2
)
12(x  1)
3
 
x
2(x  1)
4
lnx ;
f
(2)
g
(x) =
(3  x)
2(x  1)
2
 
1
(x  1)
3
lnx ;
f
(3)
g
(x) = (1  x)f
(1)
g
(x) 
x
2
f
(2)
g
(x)  
1
3
:
To tupolìgio autì baszetai se upologismoÔ me LO QCD diorj¸sei kai akoloujetai apì mia
plhj¸ra ereunht¸n sti An. [20℄, [21℄, [26℄ kai [30℄.
3.4.2 Tupolìgio upologismoÔ me NLO QCD diorj¸sei
Neìteroi upologismo th epmaqh posìthta èqoun parousiaste sti An. [27℄, [28℄ kai [29℄, lambnonta
upìyh tou kai NLO diorj¸sei proerqìmene apì th QCD. Oi diorj¸sei autè suntenoun sth mewsh
tou telikoÔ apotelèsmato mèqri perpou 30% kai ston èlegqo twn sfalmtwn pou prokÔptoun apì ti
trei qrhsimopoioÔmene klmake enèrgeia, sti opoe gnetai h sunarmog  twn energ¸n (eetive)
jewri¸n pou elègqoun to fainìmeno (mathing sales).
Akolouj¸nta thn aplopoihmènh apì pleur tupologiou kai anexrthth apì edo protÔpou, parous-
ash th An. [29℄, to BR(b! s) mpore na breje apì thn sqèsh:
BR(b! s) = R

BR
SM
(b! s) ; (3.32)
ìpou h prìbleyh tou SM me sunupologismì diorj¸sewn LO apì thn QED kai NLO apì th QCD, enai:
BR
SM
(b! s) = (3:29 0:33) 10
 4
(3.33)
en¸ h jewrhtik  prìbleyh gia to lìgo R

mpore na grafe w ex :
R

= 1 +A
1
() (
7
  1) +A
2
()
 
j
7
j
2
  1

; (3.34)
ìpou A
1
() = (B
27
+ B
28
+ (1  )B
78
+ 2(1  )B
88
) =B
T
(3.35)
kai A
2
() =
 
B
77
+ B
78
+ 
2
B
88

=B
T
; (3.36)
me B
T
= B
22
+B
27
+B
77
+B
28
+B
78
+B
88
: (3.37)
Oi suntelestè B exart¸ntai apì to shmeo termatismoÔ th jewra diataraq¸n me NLO QCD diorj¸-
sei. Oi timè tou brskontai apì pnaka th An. [29℄, kai epilègontai ètsi, ¸ste to jroism tou, B
T
,
na tautzetai me thn kentrik  tim  th Ex. (3.33):
B
22
= 1:258; B
27
= 1:395; B
77
= 0:382; B
28
= 0:161; B
78
= 0:083; B
88
= 0:015
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Ta emfanizìmena sti Ex. (3.34)-(3.36) sÔmbola orzontai w ex :
 =

8
  1

7
  1
ìpou 
7[8℄
=
C
7[8℄
C
SM
7[8℄
(3.38)
me C
SM
7[8℄
=  0:22 [ 0:12℄ kai C
7[8℄
= C
SM
7[8℄
+ C
H

7[8℄
+ C
~

7[8℄
(3.39)
ìpou oi suntelestè tou Wilson C
7[8℄
lambnoun suneisforè apì ta diagrmmata tou Sq. 3.3. Gia th
suneisfor tou SM, C
SM
7[8℄
, tjentai ta arijmhtik exag¸mena th An. [29℄, en¸ gia aut  apì ta fortismèna
Higgs lambnetai upìyh to tupolìgio th An. [28℄, sÔmfwna me to opoo:
C
H

7[8℄
(M
W
) = C
(0)
7[8℄
(M
W
) +
g
3
(M
W
)
16
2
C
(1)
7[8℄
(M
W
) (3.40)
ìpou C
(0)
7[8℄
kai C
(1)
7[8℄
oi suneisforè me LO kai NLO QCD diorj¸sei antstoiqa, pou enai:
C
(0)
7[8℄
(M
W
) = A
H

[g℄
kai C
(1)
7[8℄
(M
W
) = G
7[8℄
(y) + 
7[8℄
(y) ln
M
2
W
m
2
H

 
4
9

1
6

E(y) (3.41)
Oi emplekìmene sunart sei parousizontai paraktw:
G
7
(y) =  
4
3
y

4( 3 + 7y   2y
2
)
3(y   1)
3
Li
2

1 
1
y

+
8  14y   3y
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4
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3(y   1)
4
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
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1
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)
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5
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y
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2
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3
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5
ln y
+
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2
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
(3.42)
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2
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
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2
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3
+
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2
)
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4
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
+
1
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)
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5
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(3.43)
G
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(y) =  
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
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2
)
2(y   1)
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1 
1
y

+
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4
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+
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)
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4
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)
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+
1
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1
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
y(30  17y + 13y
2
)
(y   1)
4
Li
2

1 
1
y
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 
y(31 + 17y)
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5
ln
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y
+
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2
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3
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4
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5
ln y
+
1130  18153y+ 7650y
2
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
(3.44)
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1
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
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4
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
+
1
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2
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3
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4
+
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5
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
(3.45)
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E(y) =
1
tan

y(16  29y + 7y
2
)
36(y   1)
3
+
y(3y   2)
6(y   1)
4
ln y

: (3.46)
Tèlo gia th suneisfor twn harginos C
~

7[8℄
qrhsimopoietai to apotèlesma me LO QCD diorj¸sei
giat ta apotelèsmata th An. [28℄ pou sunupologzoun NLO QCD diorj¸sei den isqÔoun sti ekdìsei
tou MSSM pou ja exetastoÔn, sti opoe ta stops den enai shmantik elafrìtera apì ta gluino kai
squarks. Epomènw,
C
~

7[8℄
= A
~

[g℄
(3.47)
3.4.3 Sumperifor twn Apotelesmtwn
Den jewretai skìpimh h emplok  ston kuke¸na twn aplousteutik¸n proseggsewn, amfibìlou perioq 
isqÔo kai dhlh proèleush, gia na ermhneute h sumperifor twn apotelesmtwn pou prokÔptoun me
efarmog  twn tupologwn twn Ed. 3.4.1 kai 3.4.2. Enai panjomologoÔmeno, ìti h suneisfor twn for-
tismènwn Higgs apì thn Ex. (3.30) enai pntote prosjetik  se aut n tou SM th Ex. (3.29). Antijètw,
h suneisfor twn harginos th Ex. (3.31) enai llote ep-oikodomhtik  sti dÔo prohgoÔmene kai llote
ap-oikodomhtik . Gia ta meletoÔmena se aut  thn ergasa prìtupa, kai me bsh ti akoloujoÔmene sum-
bsei, ìtan  > 0 h suneisfor twn harginos kajstatai prosjetik , en¸ ìtan  < 0 gnetai afairetik 
se sqèsh me th suneisfor tou SM sun tou fortismènou Higgs. Profan¸, h ekkentrik  aut  sumper-
ifor twn apotelesmtwn, ofeletai stou pnake diagwnopohsh tou pnaka twn harginos, U; V , h
morf  twn opown exarttai apì to prìshmo th orzousa tou pnaka twn harginos.
Isqur  susqètish twn apotelesmtwn aut¸n uprqei me ti diorj¸sei sth mza tou b-quark. Ta
dÔo fainìmena enai ousiastik antagwnistik. O kanìna pou dièpei aut  th susqètish enai genikì kai
mpore na diatupwje me trìpo anexrthto apì sumbsei, sÔmfwna me thn An. [30℄. Arnhtik  diìrjwsh
sth mza tou b-quark sunepgetai jetik  suneisfor twn harginos sto BR(b! s). Safèsterh eikìna
gia thn endiafèrousa aut  allhlepdrash twn dÔo fainomènwn dnetai sta arijmhtik apotelèsmata pou
ja parousiastoÔn sta keflaia 6 kai 7 th diatrib .
Ta prohgoÔmena sumpersmata brskontai se pl rh sumfwna me ti diapist¸sei twn An. [20℄ kai [30℄
me th sqetkh anagwg  tou sumbolismoÔ ston uiojethmèno sth diatrib . Antjeta, diafwnoÔme me to
digramma tou Sq. 5 th An. [21℄ w pro thn topojèthsh twn pros mwn tou . Prosektik  exètash tou
sumbolismoÔ deqnei ìti uiojetoÔntai antjete sumbsei gia to shmeo tou  me ti qrhsimopoioÔmene
ed¸ (endeiktik anafèretai h Ex. (25) ). Kat sunèpeia, h Ex. (22) enai sumbat  me to sumbolismì,
ìmw sto sq ma th eikìna 5, oi kampÔle den antistoiqoun sto anagrafìmeno prìshmo tou  all sto
antjeto. Epomènw, kai ta sqetik sumpersmata enai analhj .
Tèlo kat thn anlush pou parousisthke h mxh metaxÔ twn oikogèneiwn amel jhke, ta squarks
twn elafr¸n oikogèneiwn jewr jhkan ekfulismèna kai oi suneisforè twn brìqwn neutralino, gluino
- down-squark, den sumperil fjhkan. Akìmh den diereun jhkan ta sflmata pou upeisèrqontai ston
upologismì apì ti eisagìmene sto prìgramma posìthte kai apì ti klmake epanakanonikopohsh
kai sunarmog .
3.4.4 Peiramatik 'Oria
Prìsfata enai ta apotelèsmata apì thn peiramatik  omda ALEPH (An. [31℄)
BR(b! s) = (3:11 0:80 0:72) 10
 4
(3.48)
en¸ h omda CLEO (An. [32℄), èqei anakoin¸sei:
BR(b! s) = (3:15 0:35 0:32 0:26) 10
 4
: (3.49)
Epomènw, ta ìria pou tjentai enai:
2 10
 4
<

BR(b! s)
<

4:5 10
 4
: (3.50)
H anamenìmenh beltwsh twn peiramatik¸n eurhmtwn anamfbola ja bohj sei ston akribèstero èlegqo
tou MSSM, pntw sgoura ja periorsei twn epitreptì q¸ro paramètrwn aisj ta.
Keflaio 4
Kajierwmèno Kosmologikì Prìtupo
4.1 Eisagwg 
'Opw kai sthn perptwsh th Fusik  Stoiqeiwd¸n Swmatidwn, ètsi kai sthn Kosmologa h aparq 
kje anaz thsh sthrzetai se èna Kajierwmèno Kosmologikì Prìtupo (: SBB). To yhfidwtì autoÔ
tou protÔpou parousizetai sto keflaio autì. 'Emfash dnetai sta ènnoie pou ja qrhsimopoihjoÔn
sto epìmeno keflaio ìpou ja gnei mia leptomeriak  axiopohsh tou MSSM gia thn ermhnea tou ko-
smologikoÔ probl mato th Skotein  'Ulh. Sthn anlush pou ja akolouj sei axiopoi jhkan ierar-
qik oi An. [33℄, [34℄, [35℄ kai [36℄.
Sthn parousash tou sqetikoÔ tupologou èqei uiojethje h paraktw tautopohsh twn stajèrwn
h =  = k
B
= 1;
me  th stajèra tou fwtì, k
B
th stajer tou Boltzman. Gia ti arijmhtikè efarmogè, qrhsimopoioÔntai
oi paraktw tÔpoi metatrop :
1GeV
 1
= 1:973 10
 14
m = 6:582 10
 25
se;
1GeV = 1:160 10
13 0
K = 1:783 10
 24
gr;
1Mp = 3:086 10
24
m;
1 yr = 3:156 10
7
se:
Epsh, se ìlh th dirkeia tou kefalaou apofeÔgetai h qr sh th Stajer tou NeÔtwna (G
N
) sti
exis¸sei kai protimtai h pio oikea gia tou asqoloÔmenou me th Fusik  twn Stoiqeiwd¸n Swmatwn,
Stajer tou Plank:
M
P
= 1=
p
G
N
= 1:22 10
19
GeV:
To keflaio arqzei me th diatÔpwsh th Kosmologik  Arq  kai twn sunepei¸n th sto Ed. 4.2.
Akolouje h jemelwsh twn ennoi¸n pou sqetzontai me th Dunamik  kai th Jermodunamik  tou SÔmpanto
sta Ed. 4.3, 4.4 antstoiqa. Exoplismèno kane me aut ta efìdia katanoe th Jewra th Meglh
Ekrhxh pou sunoptik perigrfetai sto Ed. 4.5. 'Opw to SM ètsi kai to SBB emfanzei merik
meionekt mata. Aut entopzontai kai lÔnontai me thn idèa tou PlhjwrismoÔ sto Ed. 4.6.
4.2 Kosmologik  Arq 
Akrogwniao ljo th SÔgqronh Kosmologa enai h anakluyh th apìlijwmènh kosmik  akti-
nobola. Proseggzetai me to fsma enì melanoÔ s¸mato se jermokrasa 2:73
0
K. Sthn isotropa
th aktinobola aut  (mèqri txew 10
 6
) edrzetai h Kosmologik  Arq , sÔmfwna me thn opoa, se
arkoÔntw megle klmake to sÔmpan enai Omogenè kai Isìtropo. Oi mese sunèpeie autoÔ tou
arqikoÔ axi¸mato perigrfontai paraktw.
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4.2.1 Sun-kinoÔmeno SÔsthma Anafor
Se èna Omogenè kai Isìtropo SÔmpan mpore na oriste èna sÔsthma anafor sto opoo h perieqìmenh
Ôlh enai aknhth, to opoo onomzetai Sun-kinoÔmeno (o-moving). Oi jermodunamikè idiìthte th Ôlh
mporoÔn na perigrafoÔn me jermodunamik dunamik orismèna se autì to sÔsthma hrema (: CRF).
Parìlh th qr sh tou sugkekrimènou sust mato anafor gia ton orismì aut¸n twn posot twn, oi timè
pou epitugqnontai enai anexrthte apì sÔsthma anafor, prìkeitai, dhlad  gia bajmwt (salar)
peda, kat thn An. [37℄. Sto CRF, loipìn, orzontai:
 H puknìthta arijmoÔ swmatwn, dhlad  o arijmì swmatwn an monda ìgkou, n
 H puknìthta enèrgeia swmatwn, dhlad  o arijmì swmatwn an monda ìgkou, 
 H puknìthta entropa, dhlad  h entropa tou reustoÔ an monda ìgkou, s
 H isotropik  pesh, P
 H jermokrasa, T
Qhmikì dunamikì den ja oriste, giat h parousa tou ja agnohje se ìlh th darkeia th diatrib  aut .
Genik ìtan den uprqei asummetra anmesa ston arijmì swmatwn kai anti-swmatwn   an h uprqousa
enai mikr , to qhmikì dunamikì mpore asfal¸ na amelhje.
4.2.2 Metrik  twn Robertson-Walker
H omogèneia kai h isotropa aplopoie shmantik to majhmatikì kataskeÔasma pou prèpei na epinohje gia
na perigryei to SÔmpan. H gewmetra tou SÔmpanto prokÔptei apì th metrik  twn Robertson-Walker
ds
2
= g

dx

dx

= dt
2
 R
2
(t)

dr
2
1  kr
2
+ r
2
(d
2
+ sin
2
d
2
)

: (4.1)
'Opou R(t) enai o pargonta klmaka poÔ exelssetai me to qrìno, r; ;  oi sun-kinoÔmene qwrikè
sfairikè suntetagmène kai h stajer k sqetzetai me thn kampulìthta tou trisdistatou q¸rou. Lam-
bnei timè +1, 0    1 pou antistoiqoÔn se elleiptikì (kleistì), eukledeio (eppedo)   uperbolikì
(anoiktì) SÔmpan. 'Otan k = +1, o q¸ro tou SÔmpanto mpore na eklhfje w ma tri¸n diastsewn
sfara se ènan eukledeio q¸ro 4 diastsewn aktna R, me exswsh x
2
1
+ x
2
2
+ x
2
3
+ x
2
4
= R
2
kai ìgko
V = 2
2
R
3
. Giautì kai genikìtera, w ìgko tou sÔmpanto ja lambnetai h posìthta R
3
4.2.3 Idanikì Reustì
H epteuxh th perigraf  enì omogenoÔ kai isìtropou sÔmpanto apaite kai thn eisagwg  enì edou
Ôlh se autì. To ìnoma aut , idanikì reustì, kai o orismì th, èna reustì gia to opoo na isqÔoun
oi exis¸sei th Sunèqeia kai tou NeÔtwna th Klassik  Mhqanik  Reust¸n all upì sqetikistik 
morf . ApodeiknÔetai ìti autì mpore na gnei th qr sh tou paraktw tanust  enèrgeia-orm :
T

=  Pg

+ (P + )u

u

; (4.2)
ìpou u

= dx

=ds h tetra-taqÔthta enì swmatou tou reustoÔ. Sto sugkinoÔmeno sÔsthma anafor
autoÔ tou swmatou, h taqÔthta enai (1;
~
0 ), opìte h morf  tou tanust  enèrgeia-orm  aplopoietai:
T

= diag(; P; P; P ): (4.3)
4.2.4 O Nìmo tou Hubble
O nìmo diastol  diatup¸jhke to 1920 apì ton Hubble kai enai parepìmeno th kosmologik  arq .
Estw ìti dÔo Galaxe apèqoun arqik apìstash l
0
. Met thn prodo qrìnou t h metaxÔ tou apìstash
ja enai l(t) = R(t)l
0
, ìpou o pargonta R(t) enai sunrthsh mìno tou qrìnou, lìgw th kosmologik 
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arq . H sqetik  taqÔthta twn dÔo Galaxiwn ja enai (w sun jw, to sÔmbolo _ shmanei pargwgo w
pro to qrìno):
v(t) =
dl
dt
=
_
R(t)l
0
=

_
R(t)
R(t)

l(t) = H(t)l(t); me H(t) =
_
R(t)
R(t)
(4.4)
H posìthta H(t) lègetai parmetro Hubble. 'O nomo tou Hubble ma proidezei gia ma sqetik  knhsh
anmesa stou makrinoÔ Galaxe. H tautìthta aut  th knhsh dnetai sto epìmeno edfio.
4.2.5 H Kosmologik  Upèrujrh Metatìpish
H pr¸th epituqa th epilegmènh metrik  enai ìti exhge thn parathroÔmenh upèrujrh metatìpish tou
ekpempìmenou fsmato apì tou daforou Galaxe kai problèpei th diastol  tou sÔmpanto. Bebaw,
upèrujrh metatìpish mpore na ofeletai se barutik peda   se fainìmeno Doppler. Aut ta fainìmena,
ìmw enai amelhtaa se apostsei kosmologik¸n diastsewn.
'Estw ìti mia fwtein  aktna m kou kÔmato (t) ekpempìmenh th stigm  t
e
apì èna Galaxa se
apìstash r
e
, h opoa lambnetai apì parathrht  th stigm  t
0
se apìstash r
0
= 0. H parathroÔmenh
metatìpish, z orzetai apì thn:
z :=
(t
0
)  (t
e
)
(t
e
)
(4.5)
enai upèrujrh, dhlad  z > 0. H sÔndesh th parat rhsh aut  me ti diastsei tou SÔmpanto, gnetai
me qr sh th metrik  th Ex. (4.1). H jewroÔmenh fwtein  aktna taxideÔei kata m ko mia mhdenik 
gewdaisiak  (ds
2
= d = d = 0) sto CRF. Qrhsimopoi¸nta thn Ex. (4.1), lambnetai:
0 = ds
2
= dt
2
 R
2
(t)
h
dr
2
1  kr
2
i
=)
dt
R(t)
=
dr
p
1  kr
2
(4.6)
Parepipt¸ntw, mpore na oriste o orzonta enì swmatou, dhlad  h apìstash pou dianÔei mia
fwtein  aktna apì thn arq  tou sÔmpanto t = 0 mèqri mia stigm  t, pou enai profan¸:
d
H
(t) :=
Z
t
0
dt =
Z
r
H
0
R(t)
h
dr
1  kr
2
i
=) d
H
(t) = R(t)
Z
t
0
dt
0
R(t
0
)
(4.7)
Epistrèfonta ston proorismì ma, kai oloklhr¸nonta thn Ex. (4.6), gia dÔo gegonìta pou apèqoun
polÔ mikr  qronik  apìstash metaxÔ tou, t ¸ste o R(t) na mhn metablletai, lambnetai:
Z
t
0
t
e
dt
R(t)
'
Z
t
0
+t
0
t
e
+t
e
dt
R(t)
=
Z
r
e
0
dr
p
1  kr
2
(4.8)
Orzonta th sunrthsh F , w ex :
_
F (t) =
1
R(t)
() F (t) =
Z
t
0
0
dt
R(t)
; (4.9)
h Ex. (4.8), grfetai:
F (t
0
)  F (t
e
) ' F (t
0
+t
0
)  F (t
e
+t
e
); (4.10)
opìte anaptÔssonta kat Taylor gÔrw apì ta shmea t
e
, t
0
, lambnetai:
t
0
_
F (t
0
) = t
e
_
F (t
e
) =)
t
e
t
0
=
R(t
e
)
R(t
0
)
; (4.11)
Axiopoi¸nta ton orismì tou m kou kÔmato  = t kai antikajist¸nta sthn Ex. (4.5) epitugqnetai
telik h epidiwkìmenh:
z =
R(t
0
)
R(t
e
)
  1: (4.12)
H upèrujrh metatìpish, z > 0 shmanei ìti R(t
0
) > R(t
e
), dhlad  h tim  tou pargonta klmaka th
stigm  th l yh th fwtein  aktna enai megalÔterh apì thn tim  tou, th stigm  th ekpomp . 'Ara
to SÔmpan diastèlletai.
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Me bsh thn Ex. (4.12) mpore na diatupwje mia sqèsh anagwg  twn apostsewn D(t) se difore
qronikè stigmè:
D(t
0
)
D(t)
=
R(t
0
)
R(t)
: (4.13)
Mia entupwsiak  efarmog  th sqèsh aut , dnetai sthn An. [36℄, ìpou upologzetai ìti to shmerinì
parathpoÔmeno sÔmpan eqe diastsei lgwn qiliost¸n thn epoq  tou Plank, (t
P
=M
 1
P
).
4.3 Dunamik  Kosmologa
H Gènik  Sqetikìthta enai h jewra plasio pou efarmìzetai gia thn perigraf  th Dunamik  tou
SÔmpanto. Kentrikì rìlo pazei h exswsh pedou tou Einstein pou susqetzei ton tènsora enèrgeia-
orm  T

kai th qwroqronik  kampulìthta R

:
R

 
1
2
g

R =  
8
M
2
P
T

+g

; (4.14)
ìpou R

:= g

R

o tanust  Rii kai R = g

R

h bajmwt  kampulìthta Rii. An kai h
tim  th kosmologik  stajer, , enai polÔ mikr  ( < 10
 120
M
 2
P
) jewretai anagkaa h diat rhsh
th sti exis¸sei, gia lìgou pou ja gnoun fanero sthn exèlixh th ergasa. Oi epilogè metrik 
kai Ôlh emfuteÔontai sthn exswsh Einstein, opìte lambnontai oi exis¸sei Friedmann-Lema^tre pou
parousizontai sto Ed. 4.3.1 Qr sime fusikè parmetre orzontai sta Ed. 4.3.2, 4.3.3 kai tèlo h
eisagwg  mia katastatik  exswsh sto Ed. 4.3.4 epitrèpei thn poiotik  perigraf  th dunamik  tou
SÔmpanto.
4.3.1 Oi exis¸sei twn Friedmann-Lema^tre
H efarmog  th exswsh tou Einstein sto sun-kinoÔmeno sÔsthma anafor, me th metrik  th Ex. (4.1)
kai ton tanust  th Ex. (4.3), apaite ton upologismì tou tanust  Rii kai th kampulìthta. Gia tou
qronikoÔ, 00 kai qwrikoÔ, ij dekte antstoiqa tou tanust  Rii, lambnetai:
R
00
=  3

R
R
(4.15)
R
ij
=  6
 

R
R
+ 2
_
R
2
R
2
+
2k
R
2
!
: (4.16)
en¸ gia thn kampulìthta Rii
R = 6
 

R
R
+
_
R
2
R
2
+
k
R
2
!
: (4.17)
Antikajist¸nta, h Ex. (4.14) sunepgetai gia tou qronikoÔ, 00 kai qwrikoÔ, ij dekte antstoiqa
 
_
R
R
!
2
=
8
3M
2
P
 
k
R
2
+

3
=) H
2
=
8
3M
2
P
 
k
R
2
+

3
(4.18)
2

R
R
+
_
R
2
R
2
+
k
R
2
=  
8
3M
2
P
P + =)

R
R
=  
4
3M
2
P
(+ 3P ) +

3
(4.19)
Paragwgzonta thn Ex. (4.18) kai antikajist¸nta sthn prokÔptousa thn Ex. (4.19) epitugqnetai mia
exswsh pou ekfrzei ton pr¸to Jermodunamikì Nìmo gia thn perptwsh tou kosmikoÔ reustoÔ
_+ 3H(+ P ) +

3H
= 0 : (4.20)
  allzonta th metablht  parag¸ghsh,
d(R
3
)
dR
=  3pR
2
: (4.21)
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Profan¸ oi Ex. (4.18), (4.19) kai (4.20) den enai anexrthte metaxÔ tou. Sun jw w anexrthte
lambnontai oi (4.18) kai (4.20) gia na apofeuqjoÔn oi deÔtere pargwgoi. Ston Friedmann apoddontai
oi Ex. (4.18) kai (4.19) en¸ ston Lema^tre h Ex. (4.20).
4.3.2 Parmetro Kosmologik  Puknìthta
Jètwnta  = 0, o ìro kampulìthta k=R
2
sthn Ex. (4.18) enai jetikì, mhdèn   arnhtikì, anloga
an h  enai megalÔterh, sh   mikrìterh apì thn krsimh puknìthta, 

pou orzetai w ex :


=
3M
2
P
8
H
2
: (4.22)
Enai sunep¸, skìpimo o orismì th Paramètrou Kosmologik  Puknìthta, mèsw twn sqèsewn:

 = 


+


ìpou 


=



kai 


=

3H
2
: (4.23)
Antikajist¸nta tou orismoÔ autoÔ sthn Ex. (4.18) lambnetai h paraktw:



+


 
k
H
2
R
2
= 1 =) 
  1 =
k
H
2
R
2
(4.24)
Apì thn prohgoÔmenh, sumperanetai ìti 
 < [>℄1 antistoiqe se èna anoiktì [kleistì℄ sÔmpan me k =
 1(+1) en¸ h tim  
 = 1 antistoiqe se eppedo me k = 0.
4.3.3 Parmetro Epibrdunsh
Mia exsou qr simh parmetro pou ekfrzei to rujmì diastol  tou SÔmpanto, enai h Parmetro
Epibrdunsh pou orzetai w ex :
q =  

RR
_
R
2
=

R
_
RH
(4.25)
Apì ton orismì autì, sumperanetai ìti q > [<℄0 antistoiqe se epibradunìmenh [epitaqunìmenh℄ diastol .
Antikajist¸nta sthn teleutaa thn Ex. (4.19) kai qrhsimopoi¸nta ti Ex. (4.22) kai (4.23), lambnetai:
q =
1
2
+ 3P


  


: (4.26)
'Opw ja fane sth sunèqeia, h diastol  tou SÔmpanto enai epibradunìmenh gia to SBB, all epi-
taqunìmenh gia to plhjwristikì SÔmpan.
4.3.4 Exis¸sei Katstash
Sti Ex. (4.18) kai (4.20) upeisèrqontai 3 gnwstoi, oi R; ; P . Epomènw, gia th lÔsh tou qreizetai
kai ma akìma anexrthth exswsh. Aut  enai h Katastatik  Exis¸sh, P = P () tou kosmikoÔ reustoÔ
pou parnei thn sumpag  morf :
P = (!   1); ìpou ! =
8
<
:
4=3; gia Epikrthsh Aktinobola (RD)
1; gia Epikrthsh 'Ulh (MD)
(4.27)
Axiopoi¸nta th nèa aut  plhrofora, enai dunatìn na exaqjoÔn ofèlime sqèsei gia ti emplekìmene
metablhtè qwr thn apeujea lÔsh twn diaforik¸n exis¸sewn. Analutikìtera, jètwnta  = 0 kai
antikajist¸nta thn Ex. (4.27) sthn:
 Ex. (4.20) kai oloklhr¸nonta thn prokÔptousa, lambnetai:
R
3!
= st: (4.28)
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Pnaka 4.1: Proseggistik  Dunamik  tou SÔmpanto
Parmetro Edo Epikrthsh
RD MD KenoÔ
P =3 0  
  R
 4
 R
 3
st
R  t
1=2
 t
2=3
e
Ht
T  t
 1=2
 t
 2=3
e
 Ht
H 1=2t 2=3t st
d
H
2t 3t  e
Ht
=H

  1 t t
2=3
 e
 2Ht
q 


  





=2  


 


  


 Ex. (4.18) kai oloklhr¸nonta thn prokÔptousa, gia k = 0, lambnetai:
Rt
 2=3!
= st =)
8
>
>
<
>
>
:
H(t) = 2=3!t
d
H
(t) = 3!=(3!  2)t
(
(t)  1)  t
2 4=3!
; (k 6= 0)
(4.29)
axiopoi¸nta tou orismoÔ twn Ex. (4.4), (4.7) kai (4.24).
 Ex. (4.26) kai qrhsimopoi¸nta tou orismoÔ th Ex. (4.24), lambnetai:
q =
3!   2
2



  


: (4.30)
Eidikìtera, ta apotelèsmata efarmog  twn pio pnw sqèsewn sti dÔo peript¸sei epikrthsh Ôlh
kai aktinobola katagrfontai sugkentrwtik ston Pnaka 4.1. H trth seir kai h trth st lh tou
pnaka autoÔ, perilambnoun eur mata twn Ed. 4.5.1 kai 4.6.1, pou protssontai qrin sugkrsew kai
oikonoma.
4.4 Jermodunamik  Kosmologa
To kosmikì reustì mpore na jewrhje w sÔnolo swmatwn se katstash jermodunamik  isoropa
(: JDI) h opoa egkajstatai mèsw allhlepidrsewn katastrof  kai dhmiourga. H prosèggish tou
idanikoÔ reustoÔ enai epituq  ektì kai an prìkeitai gia metptwsh fsew. H emplok  th jermod-
unamik  sthn exèlixh tou sÔmpanto jemeli¸netai sto Ed. 4.4.1 kai oi jermodunamikè metabl te pou
qarakthrzoun autì to reustì upologzontai sto Ed. 4.4.3, afoÔ pr¸ta eisaqjoÔn oi jemeli¸dei ènnoie
apì th Sqetikistik  Statistik  sto Ed. 4.4.2.
4.4.1 Isentropik  Diastol 
Se mia perioq  tou sun-kinoÔmenou sust mato anafor me ìgko V = R
3
to deÔtero Jermodunamikì
axwma èqei th gnwst  tou morf :
TdS = d(V ) + PdV (4.31)
H Ex. (4.21) anamorf¸netai ¸ste na sugkrije me thn Ex. (4.31):
d
dR
(V ) =  P
dV
dR
=) d(V ) + PdV = 0: (4.32)
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Apì ti Ex. (4.31) kai (4.32) prokÔptei abasta ìti dS = 0, dhlad  to sÔmpan diastèlletai isentropik.
Epìmeno b ma, loipìn ja enai o susqetismì th entropa me ti lle metablhtè. Apì thn Ex. (4.31),
lambnetai:
dS =
1
T
[V d+ (P + )dV ℄ : (4.33)
H Ex. (4.31) axiopoietai me dÔo diaforetikoÔ trìpou:
 Jewr¸nta thn entropa w sunrthsh th morf  S(V; T ), h Ex. (4.33) sunepgetai:
S
V
=
+ P
T
kai
S
T
=
V
T
d
dT
=)
d
dT

+ P
T

=
1
T
d
dT
=)
dP
dT
=
(+ P )
T
: (4.34)
 Prospaj¸nta na dhmiourghje tèleio diaforikì, lambnetai
dS =
1
T
d [V (P + )℄ 
1
T
V dP (4.35)
Antikajist¸nta thn Ex. (4.34) sto teleutao ìro th Ex. (4.35) epitugqnetai:
dS = d

(P + )V
T

=) S =

(P + )V
T
+ st

(4.36)
Sunep¸, h entropa tou sÔmpanto paramènei stajer  kai dnetai apì thn Ex. (4.36) me aprosdiorista
mia aujareth stajer. Phg  parabash th isentropikìthta aut , enai oi metapt¸sei fsew
(phase transition) kata th dirkeia, twn opown mpore na eleujerwje jermìthta auxnonta thn entropa.
Se tètoie peript¸sei h prosèggish tou idanikoÔ reustoÔ den enai plèon efarmìsimh kai epiblletai h
qr sh th Jewra Pedou kajorismènh jermokrasa, prgma pou enai pèra apì tou skopoÔ th
ergasa aut .
4.4.2 'Ennoie Sqetikistik  Statistik 
Gia idanikì reÔsto, h sunrthsh katanom , D(p; T ) sto q¸ro twn fsewn gia swmtio mza m me g
bajmoÔ eleujera se JDI jermokrasa T , orzetai w ex :
1
(2)
gD(p; T ) =
dN
d
3
xd
3
p
(4.37)
kai dnetai, kat thn An. [39℄, apì thn paraktw anallowth kat Lorentz èkfrash:
D(p; T ) =
h
e
(p

u

=T )
+ sf
i
 1
; (4.38)
ìpou E(j~p j) :=
p
m
2
+ ~p
2
, h enèrgeia tou enlìgw swmatou kai sf èna fktora pou epilègetai anloga
me th statistik  fÔsh tou swmatou
sf =
8
>
>
<
>
>
:
 1; Statistik Bose  Einsein (: BES)
+1; Statistik  Fermi Dira (: FDS)
0; Statistik Maxwell  Boltsmann (: MBS)
(4.39)
Oi dÔo pr¸te epilogè isqÔoun gia sqetikistik mpozìnia   fermiìnia en¸ h trth efarmìzetai gia mh
sqetikistik mpozìnia kai fermiìnia. Upenjumzetai oti to qhmikì dunamikì mpore asfal¸ na agnohje
gia ti angke th diatrib . Oi posìthte pou prèpei na upologisjoÔn me th qr sh th parapnw
katanom  enai oi jermodunamikè metablhtè n; ; P . Autè se èna tuqao sÔsthma anafor mporoÔn
na oristoÔn me sqetikistik sunallowth morf  w ex :
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 To n apotele mèlo tou tetradianÔsmato N

= (n;
~
j ), ìpou
~
j enai h ro  twn swmatwn
N

= g
Z
d
3
p
(2)
3
p

E(p)
D(p; T ) : (4.40)
 Ta ; P prokÔptoun apì ton tanust  Enèrgeia-Orm  tou reustoÔ pou orzetai apì th sqèsh:
T

= g
Z
d
3
p
(2)
3
p

p

E(p)
D(p; T ) : (4.41)
ApodeiknÔetai ìti to ìrisma olokl rwsh d
3
p=E(p) enai kat Lorentz anallowto, epomènw oi pro-
hgoÔmene posìthte enai orismène kat Lorentz sunallowta. Sto CRF, ìpou u

= (1;
~
0), oi parapnw
geniko orismo exeidikeÔontai kai, afoÔ ekteleste h sqetik  sfairik  olokl rwsh,
1
(2)
3
d
3
p =
1
(2)
3
(4)j~p j
2
dj~p j; (4.42)
grfontai w ex  :
n(T ) = N
0
=
g
2
2
Z
1
0
D(j~p j; T )j~p j
2
dj~p j (4.43)
(T ) = T
00
=
g
2
2
Z
1
0
D(j~p j; T )E(j~p j)j~p j
2
dj~p j (4.44)
P (T ) =
1
3
T
ii
=
g
2
2
Z
1
0
D(j~p j; T )j~p j
4
dj~p j: (4.45)
O upologismì twn oloklhrwmtwn aut¸n gnetai eÔkola me axiopohsh twn proseggsewn pou gnontai
se kjemia apì ti paraktw peript¸sei:
a. Sqetikistikì ìrio (T  m). Se aut  thn perptwsh, h mza tou je¸roumenou swmatou mpore na
amelhje, E ' j~p j opìte h sunrthsh katanom , grfetai:
D(j~p j; T ) =
h
e
j~p j=T
 1
i
 1
(4.46)
kai efarmìzonta tou paraktw oloklhrwtikoÔ tÔpou:
Z
1
0
dt
t
z
  1
e
t
  1
= (z   1)!(z); (4.47)
Z
1
0
dt
t
z
  1
e
t
+ 1
= (1  2
1 z
)(z   1)!(z); (4.48)
me (2) =

2
6
; (3) = 1:202; (4) =

4
90
(4.49)
(ìpou  h Zeta sunrthsh Riemann) lambnetai antstoiqa gia ta:
 Mpozìnia
n(T ) = g
(3)

2
T
3
; (4.50)
(T ) = g

2
30
T
4
; (4.51)
P (T ) =
1
3
(T ): (4.52)
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 Fermiìnia
n(T ) =
3
4
g
(3)

2
T
3
; (4.53)
(T ) =
7
8
g

2
30
T
4
; (4.54)
P (T ) =
1
3
(T ): (4.55)
H puknìthta entropa kai sti dÔo prohgoÔmene peript¸sei upologzetai apì thn Ex. (4.36) pou
me antikatstash twn Ex. (4.52), (4.55) parnei th morf :
s(T ) =
4
3

T
; (4.56)
b. Mh sqetikistikì ìrio (T  m). Se aut  thn perptwsh, o ìro mza gnetai kurarqo, j~p j
2
 m
2
opìte:
E(j~p j) = (j~p j
2
+m
2
)
1=2
=

m
2

1 +
j~p j
2
m
2

1=2
' m+
j~p j
2
2m
(4.57)
kai h sunrthsh katanom , grfetai:
D(p; T ) = e
(
 m=T j~p j
2
=2mT
)
; (4.58)
O tÔpo oloklhrwmtwn pou axiopoietai enai:
I
z
(A) =
Z
1
0
dt t
z
e
 At
2
me A > 0 kai epagwgik  sqèsh:
d
dA
I
z
(A) =  I
z+2
(A) ìpou I
0
=
1
2
r

A
kai I
1
=
1
2A
Ta apotelèsmata katagrfontai paraktw:
n(T ) = g

mT
2

3=2
e
 m=T
(4.59)
(T ) = nm+
3
2
nT (4.60)
P (T ) = nT (4.61)
Sthn Ex. (4.61) me nostalga anagnwrzoume th gumnasiak  katastatik  exswsh twn telewn aerwn.
Epsh, sthn Ex. (4.60) o teleutao ìro sun jw agnoetai giat proèrqetai apì olokl rwsh pargonta
txew j~p j
4
.
4.4.3 Jermodunamikè Metablhtè se RD
AfoÔ ta fwtìnia brskontai pnta se JDI sto kosmikì reustì, enai qr simo h metablht  T na logzetai
w h jermokrasa twn fwtonwn kai oi jermodunamikè metabl te kje llou sustatikoÔ na upolo-
gzontai anaforik me ti antstoiqe tou fwtonikoÔ upobjrou. Efarmìzonta ti Ex. (4.50)-(4.51) gia
fwtonikì reustì me g

= 2, lambnetai:
n

= 2
(3)

2
T
3
(4.62)


= 3P

= 2

2
30
T
4
: (4.63)
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Sunakìlouja, h puknìthta arijmoÔ swmatidwn, enèrgeia kai entropa enì reustoÔ pou apoteletai
apì akrèw sqetikistik swmtia (mpozìnia kai fermiìnia) jermokrasa T
i
to kajèna, enai:
n
RD
= g
N
(3)

2
T
3
; (4.64)

RD
= 3P
RD
= g


2
30
T
4
; (4.65)
s
RD
= g
S
2
2
45
T
3
: (4.66)
ìpou oi energo arijmo bajm¸n eleujera orzontai antstoiqa:
g
N
=
X
i=bosons
g
i

T
i
T

3
+
3
4
X
i=fermions
g
i

T
i
T

3
; (4.67)
g

=
X
i=bosons
g
i

T
i
T

4
+
7
8
X
i=fermions
g
i

T
i
T

4
; (4.68)
g
S
=
X
i=bosons
g
i

T
i
T

3
+
7
8
X
i=fermions
g
i

T
i
T

3
: (4.69)
Profan¸ oi Ex. (4.64), (4.65) isqÔoun se epoq  RD. Se epoq  meglh jermokrasa (nwrtera apì 1
se) praktik T
i
= T , opìte oi energo arijmo bajm¸n eleujera aplopoioÔntai w ex :
g

= g
S
=
X
i=bosons
g
i
+
7
8
X
i=fermions
g
i
kai g
N
=
X
i=bosons
g
i
+
3
4
X
i=fermions
g
i
(4.70)
Aut  h èkfrash qrhsimopoietai ston Pnaka 4.2 gia ton upologismì tou g

(T ) sthn perptwsh twn
swmatwn tou SM kai MSSM. Ston pnaka autì ta sfermions twn dÔo pr¸twn gene¸n paristnontai me
to dio sÔmbolo. Epsh, oi bajmo eleujera enì:
 PragmatikoÔ bajmwtoÔ pedou enai 1.
 MigadikoÔ bajmwtoÔ pedou enai 2, ìse kai oi pragmatikè sunist¸se tou.
 Leptonou enai 2, ìse kai oi IDK orismènou spin.
 Quark enai 6, 2 gia kje IDK kajorismènou qr¸mato.
 'Amazou dianusmatikoÔ mpozonou enai 2, ìse kai oi IDK orismènh elikìthta.
 'Emmazou dianusmatikoÔ mpozonou enai 3, ìse kai oi IDK orismènh elikìthta.
Exoplismènoi me ti parapnw aparathte ènnoie, enai dunatìn na jemeliwje enargèstera h jewra
exèlixh tou sÔmpanto sthn epìmenh pargrafo.
4.5 H Jewra th Meglh 'Ekrhxh
H Jewra th Meglh 'Ekrhxh (Big-Bag) enai, kata genik  omologa, mia epituqhmènh prospjeia
ermhnea tou JaÔmato th Dhmiourga. Oi problèyei th jewra gia ta arqik stdia tou SÔmpanto
anafèrontai sto Ed. 4.5.1 O basikì mhqanismì th apodèsmeush perigrfetai sto Ed. 4.5.2 kai sto
Ed. 4.5.3 apodeiknÔetai mia qr simh sqèsh sÔndesh th jermokrasa me to qrìno. Efarmog  twn
ennown akolouje sto Ed. 4.5.4. Tèlo sto Ed. 4.5.5 gnetai mia sÔntomh katagraf  th istora tou
SÔmpanto apì fusik  apìyew kai sto Ed. 4.5.6 katagrfontai oi timè diforwn metr simwn megej¸n.
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Pnaka 4.2: Energì Arijmì Bajm¸n Eleujera
T < Swmtia se JDI g

(T )
m
e
 2
T
D
() + e

+2 2 7=8
m

+
e
; 

; 

+3 2 7=8
m
s
+

+2 2 7=8
+u; u; d;

d +4 3 2 7=8
+g +8 2
m

+s; s +3 2 2 7=8
m

+;  +3 2 2 7=8
m
b
+;  +2 2 7=8
M
W
+b;

b +3 2 2 7=8
m
t
+W

; Z +3 3
M
S
+t;

t +3 2 2 7=8
+h +1 (= 106:75)
M
G
+~
e
; ~e
L
; ~e

R
+6 2
+~

; ~
1
; ~
2
+3 2
+~u
L
; ~u

R
;
~
d
L
;
~
d

R
+8 3 2
+
~
t
1
;
~
t
2
;
~
b
1
;
~
b
2
+4 3 2
+~; ~
0
2
; ~
0
3
; ~
0
4
+4 2
+~

1
; ~

2
+4 2
+g
A
+8 2
+H; H

; A +4 (= 228:75)
4.5.1 Arqik stdia
Sta arqik stdia exèlixh tou, to sÔmpan  tan RD. To sumpèrasma autì mpore na aitiologhje an
upologisje o lìgo twn puknot twn enèrgeia 
MD
; 
RD
se MD kai RD antstoiqa kai lhfje to ìrio
R ! 0 pou antistoiqe sthn arq  tou sÔmpanto. Apì ti Ex. (4.28) me ! = 4=3 kai ! = 1 diair¸nta
kat mèlh, lambnetai:

MD

RD
 R! 0 ìtan R! 0: (4.71)
Epomènw, to pr¸imo SÔmpan kuriarqetai apì akrèw sqetikistik  Ôlh. Lìgw th isentropikìthta
isqÔei: s
RD
R
3
= st. Se aut  th sqèsh, antikajist¸nta thn Ex. (4.56) kai lÔnonta w pro th
jermokrasa, lambnetai:
T  g
 1=3
S
R
 1
: (4.72)
Jewr¸nta to g
S
stajerì, sumperanetai oti h jermokrasa, kai kat sunèpeia kai h enèrgeia, tou
sÔmpanto gia R! 0  tan polÔ meglh. Antijètw, kaj¸ to sÔmpan diastèlletai h jermokrasa elat-
t¸netai proodeutik, se mia exrthsh apì to qrìno pou katagrfetai sthn trth seir tou sugkentrwtikoÔ
pnaka 4.1.
Ta prohgoÔmena sumpersmata epitrèpoun thn upìjesh ìti h exèlixh tou sÔmpanto xeknhse apì
mia meglh èkrhxh. Amèsw met, to sÔmpan briskìtan se mia katstash uyhl  jermokrasa kai
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puknìthta ìpou aktinobola kai Ôlh  tan sundedemène. Epomènw, oi GUT apoktoÔn lìgo Ôparxh kai
pedo elègqou, afoÔ kaloÔntai na exhg soun thn katstash tou sÔmpanto sta pr¸ta tou stdia kai na
problèyoun   mllon na ermhneÔsoun shmerinè katastsei.
4.5.2 Mhqanismì AposÔndesh
Ta swmtia pou sunistoÔn to kosmikì reustì paramènoun sth JDI mèsw allhlepidrsewn skèdash,
allhlokatastrof  kai dhmiourga. Kaj¸ to SÔmpan yÔqetai kai diastèletai, oi aktne allhlepdra-
sh,   exasjenoÔn sugkrinìmene me aktna diastol  tou SÔmpanto H , opìte èrqetai stigm , pou
exarttai apì ti mze twn swmatwn kai apì ti stajerè zeÔxh twn allhlepidrsewn, kat thn opoa
ta swmtia aposundèontai apì to kosmikì reustì kai dnoun mia enapomènousa puknìthta.
'Opw diafnhke apì thn eisagwg  aut  th enìthta, kentrikì rìlo sto mhqanismì aposÔndesh,
pazei h ènnoia th aktna allhlepdrash pou orzetai kat trìpo sqetikistik anallowto, bsh th
An. [38℄, w ex :
 (T ) := n
eq
(T ) hv
rel
i (T ) ; (4.73)
ìpou n
eq
(T ) h puknìthta arijmoÔ twn swmatwn sthn JDI,  h energì diatom  th allhlepdrash, v
rel
h
sqetik  taqÔthta twn allhlepidr¸ntwn swmatwn kai h:::i dhl¸nei th jermik  mèsh tim  th perieqìmenh
posìthta. O upologismì th posìthta aut , gnetai, sun jw, me diastatik epiqeir mata kai bebaw
polÔ proseggistik. Sto keflaio 5, th diatrib  aut , o akrib  upologismì th posìthta aut ,
sthn perptwsh tou LSP ja enai èna apì tou basikoÔ stìqou ma. Epomènw, metatjentai se autì
to shmeo kai oi leptomereiako orismo twn megej¸n pou upeisèrqontai sthn Ex. (4.73).
'Ena swmtio i, mza m
i
aposundeètai apì to kosmikì loutrì se jermokrasa T
D
, ìtan isqÔei h
sunj kh aposÔndesh   apodèsmeush:
 (T
D
) ' H(T
D
) (4.74)
'Otan  (T
D
)  H(T
D
), o qrìno allhlepdrash twn swmatwn enai mikrìtero apì thn hlika tou
sÔmpanto opìte h allhlepdrash prolabanei na episumbe, en¸ ìtan  (T
D
) H(T
D
), den prolabanei.
Anloga me thn statistik  tou sumperifor th stigm  th aposÔndesh, to leyano   pio  pia to
upìleimma   apomeinri tou swmatou qarakthrzetai:
 Jermì, ìtan m
i
 T
D
. Apì ta swmtia tou SM, aut  h sunj kh isqÔei mìno gia ta netrno ta
opoa enai kai maza kai asjen¸ allhlepidr¸nta.
 Yuqrì, ìtan m
i
 T
D
. Apì ta swmtia tou SM, ìla ta upìloipa enai kai èmmaza kai isqur  
(kai) hlektromagnhtik allhlepidr¸nta kai epìmenw, ìtan m
i
< T
D
h puknìthta arijmoÔ tou,
fjnei taqèw me apìtelesma thn oloklhrwtik  tou katastrof  mèqri thn epoq  th aposÔndesh
pou enai metagenèsterh. Antijètw, apì ta swmata tou MSSM, uprqei asjen¸ allhlepidr¸n
swmtio, to LSP pou epize fjnonta, bebaw, mèqri thn epoq  th aposÔndesh, kai sth sunèqeia
h puknìthta arijmoÔ tou exelssetai mèqri thn epoq  ma. Se aut  thn teleutaa ekdoq  enai
afierwmèno to epìmeno keflaio th ergasa.
H diat rhsh th entropa enai o llo nìmo pou elègqei thn diadikasa aposÔndesh kai ma epitrèpei
na exgoume sumpersmata gia thn porea tou sÔmpanto prin kai met thn aposÔndesh kje swmatioÔ.
4.5.3 Susqetismì Qrìnou Jermokrasa
Sthn katagraf  th allhlouqa twn kosmik¸n gegonìtwn profan¸ polÔ qr simh ja  tan h Ôparxh
mia exswsh susqetismoÔ twn dÔo basik¸n paramètrwn th jewra, tou qrìnou kai th Jermokrasa.
Autì enai o skopì th paragrfou aut . Shmeo epaf  twn dÔo megej¸n enai h puknìthta enèrgeia,
gia thn opoa isque h Ex. (4.65) se RD kai mpore na apodeiqje ìti:

RD
=
3M
2
P
32
t
 2
(4.75)
H Ex. (4.75) prokÔptei eÔkola diaforzonta thn Ex. (4.28) me ! = 4=3 kai oloklhr¸nonta thn
prokÔptousa
_
RD

RD
=  4H ìpou H =
s
8 
RD
3M
2
P
(4.76)
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opìte èpetai h apodeiktèa Ex. (4.75). Exis¸nonta ti Ex. (4.65) kai (4.75) kai lÔnonta w pro t,
epitugqnetai:
t =
r
45
16
3
M
P
g

(T )
 1=2
T
 2
= 2:41846 g

(T )
 1=2

T
MeV

 2
se: (4.77)
ìpou axiopohjhke o susqetismì twn mondwn tou Ed. 4.1. H qrhstikìthta th Ex. (4.77) enai profan 
sthn perigraf  th exèlixh tou sÔmpanto. O energì arijmì bajm¸n eleujera g

(T ) pou prèpei na
teje sthn Ex. (4.77) exarttai apì th sÔstash tou kosmikoÔ reustoÔ se dedomènh jermokrasa T . Ston
Pnaka 4.2 dnontai oi timè tou g

(T ) gia difore jermokrase T oi opoe sugkrnontai me ti mze
twn swmatwn tou SM kai tou MSSM. Se enèrgeie th txh tou EWS g

(T ) = 106:75 en¸ th txh
GUT enai g

(T ) = 228:75.
4.5.4 AposÔndesh netrnwn
Efarmog  twn prohgoÔmenwn ennoi¸n mpore na gnei sthn perptwsh aposÔndesh twn netrno. Exllou,
enai qr simo autì o upologismì, giat ma exasfalzei mia po akrib  ektmhsh twn energ¸n bajm¸n
eleujera th shmerin  periìdou.
Dedomènou ìti oi allhlepidrsei twn netrno enai asjene h jermik  mèsh tim  th energoÔ diatom 
enai: hv
rel
i  G
2
F
T
2
, opìte h aktna allhlepdrash enai   = nhv
rel
i  G
2
F
T
5
(afoÔ n  T
3
). H
aktna diastol , lìgw th Ex. (4.76) èqei th morf  H  T
2
=M
P
. Efarmìzonta thn Ex. (4.74), h
jermokrasa aposÔndesh twn netrno, ektimtai ìti enai:
T

 (G
2
F
M
P
)
 1=3
 1MeV: (4.78)
afoÔ G
F
 10
 5
GeV
 2
. Mèsw th Ex. (4.77), upologzetai oti to gegonì autì sumbanei se qrìno
t = 1:03 se, me g

(T > m
e
) = 11=2 kai entropa S(T
>

m
e
)  11(RT

)
3
=2, Ex. (4.56). 'Otan T
<

m
e
,
se qrìno t = 6:57 se, me g

(T
<

m
e
) = 2 h entropa gnetai S(T
<

m
e
)  2(RT )
3
. H diat rhsh th
entropa sunepgetai:
S(T
<

m
e
) = S(T
>

m
e
) =)

T

T

3
=
4
11
: (4.79)
Efarmìzonta ti Ex. (4.69), (4.68) oi shmerinè timè energ¸n bajm¸n eleujera, enai:
g
S0
= g

+
7
8
N

g


T

T

3
=
43
11
; (4.80)
g
0
= g

+
7
8
N

g


T

T

4
= 3:36 ; (4.81)
ìpou jewr jhkan 3 maza netrno (N

=3) me g

= 2.
4.5.5 Perlhyh th Istora tou SÔmpanto
Se adrè grammè h istora tou SÔmpanto katagrfetai ston Pnaka 4.3. Paraktw dnontai kpoie
sÔntome epexhg sei gia ta kombik shmea th diadrom , protsonta th qronik  apìstash apì th
stigm  th Meglh 'Ekrhxh kai thn antstoiqh jermokrasa oi opoe sundèontai mèsw th Ex. (4.77):
 t
P
 10
 44
se me T
P
 10
19
GeV: H epoq  Plank, sthn opoa kuriarqe h Kbantik  BarÔthta.
 t
G
 10
 39
se me T
G
 10
16
GeV: H epoq  SUSY-GUT sthn ìpoia entsontai h metptwsh fsh
pou sundèetai me to Plhjwrismì, kai h pragmatopohsh th Baruogènesh. Enai to shmeo sto
opoo h sÔgqronh Fusik  Stoiqeiwd¸n Swmatwn efarmìzei kai elègqei ti jewre th.
 t
N
 1 se   3 min me T
N
 1   0:1 MeV: Lambnei q¸ra h kataskeu  twn noukleonwn, kai twn
elafrwn stoiqewn sth sunèqeia.
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Pnaka 4.3: Istora tou SÔmpanto
Epoq  t (se) T (GeV) Qarakthristik
Uperqord¸n 10
 44
10
19
Kbantik 
(Plank) BarÔthta
Upersummetrik  10
 36
10
15
Enopoihmènh
Enopohsh Metptwsh Fsew
(SUSY-GUT) 10
 32
10
10
Plhjwrismì
Baruogènesh
Hlektrasjen  10
 10
10
2
Hlektrasjen 
Metptwsh Fsew
Adronik  10
 5
3 10
 1
SÔnjesh Adronwn
4 10
 5
1:4 10
 1
Katastrof  

Leptonik  8 10
 5
1 10
 1
Katastrof  

8 10
 3
1 10
 2
Apodèsmeush 

0:7 1 10
 1
Apodèsmeush 
e
6 :5 10
 1
Katastrof  e

Fwtonik  60 :1 10
 3
NoukleosÔnjesh
6 10
12
:4 10
 9
AposÔndesh
Fwtonwn
2 10
17
10
 12
Par¸n
 t
d
 10
11
se kai T
d
 10
 9
GeV: H energeiak  puknìthta th aktinobola gnetai sh me aut n
th Ôlh h opoa stadiak gnetai kurarqh. Sth sunèqeia, ta e
 
sundèontai me tou pur ne
dhmiourg¸nta ta pr¸ta toma. 'Otan h enèrgeia twn fwtonwn tou upobjrou, gnei mikrìterh apì
thn enèrgeia sÔndesh twn e
 
sto tomo tou H (13:6 eV), gnetai h aposÔndesh twn fwtonwn apì
thn Ôlh. Ta toma apoktoÔn eustjeia afoÔ ta fwtìnia tou upobjrou den èqoun thn apaitoÔmenh
enèrgeia gia na ta diegeroun. Epomènw, ta fwtìnia paÔoun na allhlepidroÔn me thn Ôlh kai
suneqzoun eleÔjera thn porea tou diamèsou twn ai¸nwn sunist¸nta thn CBR.
 t
0
 10
17
se me T
0
 10
 12
GeV: H sÔgqronh epoq  twn parathr sewn kai twn anazht sewn.
4.5.6 Trèqouse timè Kosmologik¸n Paramètrwn
Ta metr sima parathrhsiak dedomèna sta opoa sthrzetai h sÔgqronh Kosmologa enai dÔo (o dekth
0 se èna mègejo dhl¸nei shmerin  tim ):
 H jermokrasa th CBR, pou metretai apì ton Cosmi Bakground Explorer (: COBE):
T
0
= (2:726 0:01)
0
K; (4.82)
me mia anisotropa pou epsh, metrtai me meglh akrbeia:
ÆT
0
T
0
' 6:6 10
 6
: (4.83)
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 H parmetro tou Hubble, pou dnetai me qr sh mia nèa paramètrou anagwg  h,
H
0
= 100h km se
 1
Mp
 1
; ìpou h = 0:65 0:15: (4.84)
To megalÔtero parathrhsiakì prìblhma ston prosdiorismì tou H
0
enai h abebaiìthta ston ka-
jorismì twn kosmologik¸n apostsewn.
 O lìgo th arijmhtik  puknìthta twn baruonwn pro aut  twn fwtonwn, pou
1:9 10
 10
< 
0
< 5:8 10
 10
ìpou 
0
=
n
B
0
n

0
(4.85)
H mètrhsh aut , ìpw fanetai, enai exairetik akrib .
 H parmetro kosmologik  puknìthta frsetai ktwjen apì upologismoÔ se sm noi galaxi¸n
kai nwjen apì th sumperifor th galaxiak  arijmhtik  puknìthta w ex :
0:1  

0
 2: (4.86)
Me ta dedomèna aut mporoÔn na upologisjoÔn:
 H krsimh puknìthta qrhsimopoi¸nta ti Ex. (4.22) kai (4.84):


0
= (2:99863 10
 12
h
1=2
GeV)
4
' 1:0523 10
 5
h
2
GeVm
 3
: (4.87)
 To nw ìrio th hlika tou SÔmpanto:
t
0
< H
 1
0
= 9:778 10
9
h
 1
yr: (4.88)
 Oi trèqouse timè gia ti jermodunamikè metablhtè pou qarakthrzoun to upìbajro aktinobola:

R
0
= g
0

2
30
T
4
0
' 4:54 10
 10
GeV m
 3
; (4.89)


R
0
h
2
= 4:18 10
 5
; (4.90)
s
0
= g
S0
2
2
45
T
3
0
' 2970 m
 3
: (4.91)
Eidik gia ta fwtìnia tou upobjrou qarakthristikì noÔmero enai autì pou prokÔptei me efarmog 
th Ex. (4.62), n

0
' 422 m
 3
.
 H parmetro kosmologik  puknìthta twn baruonwn, qrhsimopoi¸nta ti Ex. (4.23), (4.87),
(4.60), (4.85) th mza tou prwtonou m
B
:= :937 GeV kai to n

0
:
0:007  

B
0
h
2
 0:021: (4.92)
Sti posìthte pou parousisthkan se autì to edfio ja sthrhqje h axiolìghsh tou kosmologikoÔ
protÔpou sth sunèqeia.
4.6 Plhjwrismì
O plhjwrismì (ination) enai èna stdio sthn exèlixh tou SÔmpanto kat to opoo o pargonta
klmaka auxnetai ekjetik. H emfÔteush ma tètoia diadikasa sthn porea exèlixh tou SÔmpanto
krjhke anagkaa, giat to SBB parousaze kpoia basik meionekt mata pou isqur apeiloÔsan to
oikodìmhm tou. H ulopoi sh th idèa tou plhjwrismoÔ ektjetai sto Ed. 4.6.1 oi sunèpeie th sto
Ed. 4.6.2 kai h dieujèthsh twn problhmtwn sto Ed. 4.6.3. Epilègetai mia proseggistik  parousash tou
jèmato, giat autì de sundèetai mesa me to antikemeno, sto opoo enai afierwmènh h ergasa aut .
Pio ektetamènh anlush gnetai sti eidikè An. [40℄, [41℄ kai [42℄.
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4.6.1 Sqedizonta ton Plhjwrismì
Upotjetai h Ôparxh enì kosmologikoÔ bajmwtoÔ pedou  (tou inaton) to opoo enai mìno tou qrìnou
sunrthsh (t) kai elègqetai apì ti klasikè exis¸sei knhsh. To ktsimo enì sugkekrimènou pl-
hjwristikoÔ protÔpou apaite epsh thn uiojèthsh enì dunamikoÔ qwr autì na alloi¸nei ta gèni-
ka qarakthristik tou plhjwrismoÔ pou ja anaferjoÔn paraktw. Sun jw sta plasia mia GUT,
o plhjwrismì exelssetai kat th dirkeia mia metptwsh fsh. To dunamikì exarttai apì th
jermokrasa T me krsimo kai exeliktikì trìpo. Dhlad  uprqei jermokrasa krsmh T

, pou sunarttai
mesa me to kenì th jewra hi. 'Otan T > T

, to hi = 0 enai to olikì elqisto tou dunamikoÔ. 'Otan
T = T

, to hi = 0 kai M
G
enai elqista. 'Otan T < T

, to hi = 0 enai èna topikì elqisto tou
dunamikoÔ en¸ to olikì elqisto enai sto hi =M
G
. En to inaton briskìtan kat ljo sto apathlì
elqisto hi = 0 ja kinhje pro to pragmatikì hi = M
G
ete me jermikè diakumnsei, ete me to
fainìmeno th s ragga. An epiplèon, to dunamikì enai arkoÔntw omalì kat th dirkeia th knhsh
tou inaton pro to pragmatikì kenì, ¸ste h kinhtik  tou enèrgeia na mpore na amelhje se sqèsh me
th dunamik , tìte uprqoun sunj ke eudokmhsh tou plhjwrismoÔ.
H majhmatik  melèth xekin me th langkrazian  puknìthta tou pedou  sto CRF, pou enai:
L

=
1
2




  V () (4.93)
apì thn opoa lambnetai o tanust  enèrgeia-orm :
T


=
L

(

)


  g

L

= 



  g


1
2




  V ()

; (4.94)
Apì ton tanust  autì, prokÔptoun:
 H puknìthta enèrgeia kai h pesh tou :


= T
00

=
1
2
_

2
+ V () (4.95)
P

= T
ii

=
1
2
_

2
  V () (4.96)
 To pr¸to jermodunamiko axwma, Ex. (4.20), me morf :
_

=  3H(

+ P

) (4.97)
Me antikatstash twn Ex. (4.95), (4.96) sthn Ex. (4.97), lambnetai h exswsh knhsh tou ,

+ 3H
_
+ V
0
() = 0: (4.98)
Bebaw, h dia exswsh lambnetai kai me elaqistopoi sh th drsh, ìmw enai pio qronobìra h parous-
ash kai den uiojet jhke. SÔnduasmì twn Ex. (4.18), (4.95) kai (4.98) parèqei thn paraktw qr simh:
H
2
=
8
3M
2
P


=
8
3M
2
P

1
2
_

2
+ V ()

=)
_
H =  
4
M
2
P
_

2
: (4.99)
Basik  paradoq  tou plhjwrismoÔ enai ìti kat th dirkeia th porea tou pro to pragmatikì kenì,
to  olisjanei arg, dhlad  o ìro trib  uperisque kai h kinhtik  enèrgeia enai upotonik  se sqèsh
me thn dunamik . Posotik ekfrazìmenoi:
_


 kai V ()
_

2
(4.100)
Axiopoi¸nta ti prohgoÔmene, prokÔptei:
(4:98) =) 3H
_
 =  V
0
() (4.101)
(4:95) kai (4:96) =) P

'  

; (4.102)
(4:102) kai (4:97) =) 

' st; (4.103)
(4:103) kai (4:99) =) H() ' st: (4.104)
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Me axiopohsh th teleutaa h Ex. (4.18) oloklhr¸netai mesa. Mlista, o ìro kampulìthta, k=R
2
,
mpore asfal¸ na paralhfje giat, ìpw prokÔptei, o R(t) auxnei taqèw kai kajist thn prohgoÔmenh
posìthta amelhtaa. Epomènw,
H
2
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_
R
R
!
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=
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3M
2
P
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0
; (4.105)
ìpou gia mia tupik  GUT V
0
:= V (hi) M
4
G
. Sumbolzonta me t
i
; t
f
thn arqik  kai telik  stigm  tou
plhjwrismoÔ, sumperanetai oti o paragonta klmaka eqei isqur enisquje sto tèlo tou plhjwrismoÔ
en¸ h jermokrasa èqei exsou ellatwje sÔmfwna me thn Ex. (4.72):
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T (t
f
) = T (t
i
)e
 H

(t
f
 t
i
)
(4.107)
Me katllhlh epilog  tou arijmoÔ N
e
twn e-ptuq¸n enai dunatìn na lujoÔn ìla ta probl mata tou SBB,
prgma pou exhgetai sto epìmeno edfio. Eidikìtera, me antikatstash th Ex. (4.106), upologzetai:
 To mègejo tou orzonta, qrhsimopoi¸nta thn oristik  Ex. (4.7):
d
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t
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ìpou o ìro e
 H

t
mpore na paraleifje, giat oi qrìnoi anafor enai th txh tou t
G
.
 H sumperifor th paramètrou kosmologik  puknìthta, qrhsimopoi¸nta th Ex. (4.24):

(t)  1  1=R(t)
2
= e
 2H

t
(4.109)
Epiplèon, me antikatstash th Ex. (4.102) sthn Ex. (4.26), lambnetai ìti h parmetro epibrdunsh
enai arnhtik  kat ton plhjwrismì, dhlad  h diastol  gnetai epitaqunìmena, prgma pou apotele mia
akìma eidopoiì diafor th plhjwristik  diastol  apì aut  tou SBB.
Ta eur mata th paragrfou aut  sqetik me th sumperifor twn kosmologik¸n paramètrwn kat
th dirkeia tou plhjwrismoÔ, èqoun  dh katagrafe sthn trth st lh tou sugkentrwtikoÔ Pnaka 4.1.
4.6.2 Parepìmena tou PlhjwrismoÔ
Akrojig¸ dnetai èna pergramma th jewra tou plhjwrismoÔ. H diadikasa pou perigrfhke sto Ed.
4.6.1 enai mia aplopoihmènh morf  tou pl rou mhqanismoÔ. Autì exelssetai sta paraktw stdia:
a. Th arg  olsjhsh. Se autì to stdio  tan afierwmèno to Ed. 4.6.1. Kat th diarkea tou, h
knhsh tou  elègqetai apì thn Ex. (4.101), opìte aut  moizei me mia apl  diaforik  exswsh pou
perigrfei knhsh me parousa trib , apì ìpou kai h onomasa tou stdiou autoÔ. Pio akribe
sunj ke apì thn Ex. (4.100) mporoÔn na diatupwjoun, oi opoe dnoun thn eleujera h parmetro
tou Hubble kai o arijmì twn e-ptuq¸n na exart¸ntai apì to inaton.
b. Twn sunaf¸n talant¸sewn. Enai stdio epakìloujo th arg  olsjhsh. Kat th dirkeia tou,
o ìro

 gnetai upologsmo opìte h Ex. (4.98) jumzei sÔsthma pou talant¸netai. To inaton
diasptai se lla polÔ pio elafr apì autì swmtia.
g. Th Epanajèrmansh. Enai stdio parllhlo twn sunaf¸n talant¸sewn. To inaton kaj¸
diasptai, aktinobole, opìte to SÔmpan pern apì thn kuriarqa th enèrgeia tou kènou sthn
kuriarqa th aktinobola. H jermokrasa sthn opoa apokajstatai isìthta anmesa sti dÔo
puknìthte enèrgeia, (equidensity point) lègetai jermokrasa epanajèrmansh kai enai th txh
T
r
 10
9
GeV. Epeid  kat th dirkeia tou plhjwrismoÔ h jermokrasa ellat¸netai, kat thn Ex.
(4.107), polÔ pio apìtoma apì ì,ti thn epoq  th aktinobola, h prodo apì th ma fsh sthn
llh, mpore na jewrhje w epanajèrmansh tou sÔmpanto.
To senrio tou plhjwrismoÔ, elègqetai apì ti epipt¸sei tou sth CBR. Mpore na jemeliwje èna
formalismì pou sundèei ti diakumnsei th CBR, pou parat rountai apì ton COBE, Ex. (4.83), me
th morf  tou qrhsimopoioÔmenou gia ton plhjwrismì dunamikoÔ kai ton arijmì twn e-ptuq¸n. Epomè-
nw, o plhjwrismì paÔei na apotele èna afhrhmèno majhmatikì kataskeÔasma, afoÔ ta shmdia tou
yhlaf¸ntai sto sÔgqrono sÔmpan.
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4.6.3 Ta probl mata tou SBB kai h lÔsh tou
H efarmog  th SBB èkto apì ti shmantikè epituqe pou èqei sthn ermhnea twn kosmologik¸n
parathr sewnn odhge kai se kpoie antifsei, oi opoe arontai tautìqrona me qr sh th idèa tou
PlhjwrismoÔ. Paraktw epishmanontai ta probl mata kai skiagrafetai h lÔsh tou:
a. To prìblhma tou Orzonta. O orzonta enì swmatou ekfrzei to mègejo tou sÔmpanto pou
mpore na enai se epikoinwna me to swmtio autì, mèsw fwtein¸n shmtwn. H susqètish tou
orzonta d
H
kai tou shmerinoÔ megèjou tou sÔmpanto D kpoia stigm  t dnetai apì thn paraktw
sqèsh:
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(4.110)
ìpou qrhsimopoi jhkan oi Ex. (4.13) kai (4.29) kai jewr jhke oti D(t
0
) = d
H
(t
0
) = 3t
0
. Lam-
bnonta upìyh, thn Ex. (4.29), efarmog  th Ex. (4.110) parèqei:
D(t)
d
H
(t)
=
R(t)
R(t
d
)
R(t
d
)
R(t
0
)
t
0
t
=

t
t
d

1=2

t
d
t
0

2=3
t
0
t
=)
8
<
:
D(t
d
)=d
H
(t
d
)  10
2
D(t
G
)=d
H
(t
G
)  10
28
(4.111)
'Wste, o swmatidiakì orzonta enai kat polÔ mikrìtero apì to mègejo tou sÔmpanto kje
qronik  stigm . Egeretai, loipìn to er¸thma, p¸ h CBR enai tìso polÔ omogen  afoÔ ta
fwtìnia den enai dunatìn na epikoinwnoÔn metaxÔ tou. Me th mesolbhsh tou plhjwrismoÔ, h
parapnw posìthta grfetai:
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ìpou qrhsimopoi jhke N
e
 65 kai t
f
= t
G
+ N
e
=H

. Sumperanetai, loipìn, ìti h sumbol  tou
plhjwrismoÔ enai kajoristik  sthn rsh tou pardoxou tou orzonta.
b. To prìblhma th Epipedìthta. Ta parathrhsiak eur mata th Ex. (4.86) gia thn parmetro

 brskontai polÔ kont sthn oriak  tim  pou armìzei se èna eppedo SÔmpan, prgma pou kata
arq  qr zei exhg sew. Sunakìlouja, anazht¸nta thn tim  th paramètrou aut  sto arqègono
sÔmpan briskìmaste pro ekpl xew:
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(4.113)
ìpou qrhsimopoi jhkan ta apotelèsmata tou Pnaka 4.1. H pardoxh aut  akrbeia enai èndeixh
pajogèneia tou SBB. Mia pio logik  pijanìthta ja  tan h parmetro 
 na brsketai kont sth
monda me thn dia pnta akrbeia. Pragmatik, me thn parousa tou plhjwrismoÔ, o lìgo th Ex.
(4.113) me qr sh kai th Ex. (4.106) grfetai:
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me epilog  N
e
 60. Sunep¸, o plhjwrismì problèpei èna eppedo SÔmpan.
g. To prìblhma twn anepijÔmhtwn leiynwn. Autì to prìblhma anakÔptei apì th sÔndesh tou SBB me
GUT. Kat ti metapt¸sei fsew pou enai anapìfeukte akìma kai me apousa tou plhjwrismoÔ,
afoÔ qwr autè den mpore na metaphd sei kane sthn summetra tou SM, dhmiourgoÔntai bari
swmtia, lìgw topologik¸n anwmali¸n. Ta pio anepijÔmhta apì aut enai ta magnhtik monìpola.
Epeid  oi allhlepidrsei tou enai asjene aut ta swmtia aposundèontai eÔkola apì to kosmikì
reustì kai exelssontai mèqri s mera, h arijmhtik  tou puknìthta fjnei pio arg, san R
 3
apì
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ì,ti h aktinobola (pou fjnei san R
 4
). Ja mporoÔsan, loipìn na gnoun to kurarqo ulikì tou
SÔmpanto, prgma pou antikroÔetai apì ta parathrhsiak dedomèna. H eisagwg  tou plhjwrismoÔ
suntenei sthn apallag  th jewra apì tètoia anepijÔmhta kataskeusmata. Kai autì, diìti h
energeiak  puknìthta tou inaton, enai kata polÔ megalÔterh kai pio anjektik  sthn epdrash th
diastol  apì thn arijmhtik  puknìthta twn monopìlwn, h opoa gr gora kajstatai amelhtaa.
Sthn ulopoi sh tou mhqanismoÔ autoÔ qreizetai prosoq  sto shmeo th epanajèrmansh, ¸ste h
jermokrasa na mhn anuywje tìso ìso ja epètrepe thn epanadhmiourga twn monopìlwn. Prèpei
loipìn, to T
r
na enai shmantik mikrìterh apì thn mza twn monopìlwn.
d. To prìblhma twn meglh klmaka diakumnsewn. To SBB den diajètei mhqanismì paragwg 
arqègonwn diakumnsewn sthn puknìthta enèrgeia, (Æ=) oÔte kai sthn jermokrasa th CBR.
Me thn prosj kh tou plhjwrismoÔ, ìpw  dh anafèrjhke, anaptÔssetai èna formalismì sÔn-
desh twn diakumnsewn aut¸n me ton arijmì twn e ptuq¸n, pou epitrèpei thn ex ghsh th mikr 
anisotropa, Ex. (4.83), sthn CBR.
Sumperasmatik, o plhjwrismì enai èna fainìmeno pou pisteÔetai oti qarakthrzei thn exèlixh tou
polÔ pr¸imou sÔmpanto met to tèlo, tou opoou h ro  th istora suneqzetai kat ta problepìmena
apì to SBB. Sunep¸, o plhjwrismì den upokajist to SBB, apl to sumplhr¸nei, jerapeÔei ti atèleiè
tou kai belti¸nei ti problèyei tou.
4.7 Kritik  tou KosmologikoÔ ProtÔpou
Mia apotmhsh tou KosmologikoÔ ProtÔpou pou parousisthke sto keflaio autì enai o stìqo autoÔ
tou edafou bsh twn An. [41℄ kai [43℄. Paraktw katagrfontai:
a. Oi epituqe tou SBB. Sti epituqe tou SBB sugkatalègontai ta ex :
 H ex ghsh th diastol  tou SÔmpanto.
 H ex ghsh th Ôparxh kai th sÔstash th CBR.
 H ex ghsh th enapomènousa puknìthta twn elafr¸n stoiqewn tou SÔmpanto.
Epiplèon me th sundrom  tou plhjwrismoÔ, arontai ta pardoxa pou emfnize to sugkekrimèno
prìtupo kai exhgetai h parathroÔmenh anisotropa, sthn CBR.
b. Merik adieukrnista jèmata. Kpoia shmea th jewra paramènoun adieukrnista, dhlad , den
èqei kataste dunatìn na diatupwje me akrbeia mia koin apodekt  ermhnea gia aut. ApoteloÔn,
epomènw, antikemena èreuna. DÔo enai ta basik anoikt jèmata th SÔgqronh Kosmologa:
 H Baruogènesh. DÔo enai ta erwt mata pou prèpei na katanohjoÔn. Pou ofeletai h profan 
asummetra metaxÔ Ôlh kai antiÔlh sto sÔmpan kai poi enai h proèleush tou parathroÔ-
menou lìgou 
0
sthn Ex. (4.85). Oi idèe pou protenontai mporoÔn na taxinomhjoÔn se dÔo
kathgore. Ma pou pargei thn baruonik  asummetra se klmaka enèrgeia GUT kai ma se
EWS. H paragwg  mpore na gnei ete mesa ete mèsw leptogènesh. Autì se prìtupa SO(10)
gnetai me dispash twn dexiìstrof¸n netrno pou pargontai sto tèlo tou plhjwrismoÔ apì
to inaton.
 H Skotein  'Ulh. O plhjwrismì problèpei èna eppedo SÔmpan prgma pou shmanei ìti 
 = 1.
Apì ti mèqri t¸ra parathr sei, oi sunistamène tou 
 sti Ex. (4.90) kai (4.92), apèqoun
polÔ apì thn epal jeush th plhjwristik  prìbleyh. Enai, ìmw genik apodektì ìti ektì
apì th fwtein  Ôlh, h opoa èqei katametrhje, uprqei kai skotein  h opoa enai dÔskolo na
aniqneute kai giautì paramènei aparat rhth. Me aut  thn arqik  upìjesh, èqoun epinohje
difora swmatidiak senria pou katal goun sth jemelwsh enì eppedou sÔmpanto.
'Opw fanetai apì ta prohgoÔmena, h sundrom  th Fusik  Stoiqeiwd¸n Swmatidwn enai apo-
fasistik  shmasa gia th diereÔnhsh twn anoikt¸n pedwn th Kosmologa. Se mia tètoia sÔzeuxh
antikeimènwn gia th melèth tou jèmato th Skotein  'Ulh enai afierwmèno to epìmeno keflaio th
diatrib  aut .
Keflaio 5
Upersummetrik  Skotein  'Ulh
5.1 Eisagwg 
O basikì formalismì pou ja epitrèyei thn sÔndesh th Fusik  Stoiqeiwd¸n Swmatidwn me ti
anazht sei th SÔgqronh Kosmologa gia th Skotein  'Ulh (: DM), anaptÔssetai se autì to ke-
flaio. Eidikìtera, sto Ed. 5.2 exhgetai diexodik to jèma th DM, kai epilègetai to senrio pou ja
teje se ulopohsh. To tupolìgio pou ja qrhsimopoihje kat thn pragmatopohsh twn upologism¸n ma
jemeli¸netai sta Ed. 5.3, 5.4. Tèlo sto Ed. 5.5 gnetai efarmog  tou tupolìgiou sthn kateÔjunsh pou
èqei epilègei kai parousizontai ta analutik apotelèsmata twn An. [44℄ kai [45℄.
5.2 H upìjesh th Skotein  'Ulh
H peistik  eisagwg  th idèa th DM enai o stìqo aut  th enìthta. H anagkaiìthta eisagwg  th
jemeli¸netai jewrhtik sto Ed. 5.2.1, en¸ ta parathrhsiak epiqeir mata gÔrw apì to jèma ektjentai
perilhptik sto Ed. 5.2.2. Senria dom  th paramètrou puknìthta kai sÔstash th DM akoloujoÔn
sta Ed. 5.2.3, 5.2.4, 5.2.5. Tèlo, mia poiotik  parousash th upoyhfiìthta pou ja uposthrhqje kat
th dirkeia tou ereunhtikoÔ tm mato aut  th ergasa dnetai sto Ed. 5.2.6.
5.2.1 Anagkaiìthta th upìjesh
'Opw anafèrjhke sto Ed. 4.6.3, sto prìblhma th epipedìthta, h tim  
 = 1 enai h pio fusik  tim  pou
mpore na lbei h parmetro puknìthta. Epiprìsjeta, aut  enai h tim  pou problèpei o Plhjwrismì.
Parathrhsiak, ìmw h mình martura pou uprqei gia thn epmaqh posìthta, katagrfetai sthn Ex.
(4.92) kai enai polÔ pio qamhl apì ti jewrhtikè prosdoke. Gia th gefÔrwsh tou qsmato autoÔ, èqei
gnei apodekt  sthn episthmonik  koinìthta h Ôparxh mia nèa morf  'Ulh pou onomzetai Skotein .
H onomasa th ofeletai sto ìti oÔte ekpèmpetai oÔte aporroftai hlektromagnhtik  aktinobola sta
gnwst m kh kÔmato apì aut . Giautì kai paramènei aparat rhth.
H sÔstash aut  th morf  Ôlh kai o trìpo orgnwsh twn diforwn suneisfor¸n th gia thn
epteuxh th problepìmenh tim  
 = 1 enai antikemeno jewrhtik  kai peiramatik  èreuna. Shman-
tikì sthn kateÔjunsh aut  ja enai h akìmh pio akrib  mètrhsh th anisotropa th CBR pou ja krnei
telesdika thn egkurìthta   mh tou PlhjwristikoÔ protÔpou.
5.2.2 Parathrhsiak dedomèna
Apì th fÔsh th, h upìjesh th DM den enai epidektik  parathrhsiak¸n apodexewn. Parìlh th duskola
yhlfhsh th DM, uprqoun parathrhsiakè endexei pou katafskoun sthn Ôparx  th, sÔmfwna me
ti An. [47℄, [50℄. Oi basikìtere phgè ntlhsh plhrofori¸n gia to upì exètash jèma enai oi ex :
a. H hlika tou sÔmpanto. Uprqei tÔpo (An. [51℄) mesh susqètish th hlika tou SÔmpanto,
t
0
, me thn parmetro tou Hubble kai ti diforè suneisforè sthn 
. An gia pardeigma, teje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h ' 0:7, upologzetai t
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M
 0:5, anloga me to an
epitrèpetai   ìqi h qr sh th . Fanetai, loipìn oti oi problèyei gia to 
 enai polÔ an¸tere
apì ti parathroÔmene, Ex. 4.92, 4.90.
b. H fwteinìthta ourniwn antikeimènwn. H parmetro puknìthta pou ofeletai sth fwtein  Ôlh
tou sÔmpanto mpore na prokÔyei apì mètrhsh th mèsh tim  tou lìgou th mza pro to fw
diforwn astrofusik¸n antikeimènwn. Ta apìtelèsmata tètoiwn metr sewn dnoun ta paraktw
ìria gia thn orat  parmetro puknìthta:
0:003  

vis
 0:017 : (5.1)
To apotèlesma autì enai qamhlìtero apì autì th Ex. (4.92) prgma pou deqnei ìti akìma kai
se eppedo baruonik  Ôlh mpore na uprqei DM.
g. H kampÔle peristrof  gÔrw apì galaxe. Se tètoie parathr sei kane metrei thn taqÔth-
ta me thn opoa nèfoi aerwn, mikro galaxe   sm noi asteroeid¸n kinoÔntai gÔrw apì kpoion
galaxa. 'Opw enai gnwstì apì th gumnasiak  Fusik , h grammik  taqÔthta pou prokÔptei apì
thn èkfrash th barutik  èlxh w kentromìla, elatt¸netai san
p
G
N
M=r, ìpou r h apìstash
tou peristrefìmenou antikeimènou apì to kèntro tou en lìgw galaxa mza M . Oi parathr sei
deqnoun ìti h taqÔthta paramènei proseggistik stajer , pou shmanei ìti h mza twn galaxi¸n
aut¸n den enai sugkentrwmènh sto fwtein tou mèrh mìno. Mlista, gia na enai h taqÔthta sta-
jer  ja prèpei h mza tou galaxa na auxnetai grammik me thn apìstash r. Melète autoÔ tou
tÔpou dhl¸noun ìti to 90% th mza aut¸n twn galaxi¸n enai DM kat thn An. [46℄. Ektim sei
th An. [47℄ apì metr sei autoÔ tou tÔpou dnoun


M
' 0:1
+0:1
 0:05
: (5.2)
Lambnonta upìyh ta dedomèna twn Ex. (4.92), (5.1) kai (5.2), mpore kane na katal xei sta
paraktw sumpersmata:
 'Ena shmantikì posì th Ôlh tou SÔmpanto enai mh orat .
 'Ena polÔ mikrì posì th DM enai baruonik .
 'Ena shmantikì posì th DM enai mh baruonik .
5.2.3 SÔstash th DM
'Ena swmtio jewretai axiìlogo upoy fio gia thn ermhnea th sÔstash th DM, prèpei na enai
asjen¸ allhlepidr¸n kai eustajè,   toulqiston na diajètei makrobiìthta metroÔmenh bebaw, se
qrìnou kosmologik  klmaka. Oi mèqri t¸ra proteinìmenoi upoy fioi mporoÔn na taxinomhjoÔn w
ex :
a. Upoy fioi gia baruonik DM. Oi ekprìswpoi aut  th kathgora ekfèrontai me th genik  onomas-
a MACHOs pou enai akronÔmio th Massive Compat Halo Objets. Antikemena proerqìmena apì
thn astrofusik  an koun se aut  thn omda, leuko nnoi, astère netronwn, upolemata melan¸n
op¸n.
b. Upoy fioi gia mh baruonik  DM. Oi ekprìswpoi aut  th kathgora proèrqontai apì ton mikrì-
kosmo kai taxinomoÔntai sti ex  sunomotaxe:
 Upoy fioi gia jerm  DM (: HDM). Sthn kathgora aut  egklewntai swmtia pou mporoÔn na
jewrhjoÔn sqetikistik thn stigm  th aposÔndesh, sÔmfwna me ta ektejènta sto Ed. 4.74.
Isqur  upoyhfiìthta sthn kateÔjunsh aut  upobloun ta netrno. Endexei gia mh mhdenikè
mze twn netrno proèrqontai apì metr sei sti talant¸sei twn hliak¸n kai atmosferik-
wn netrno. Metr¸ntai oi diaforè tetrag¸nwn mza twn swmatwn aut¸n. Enalaktik 
upoyhfiìthta enai aut  tou axion pou h anagkaiìthta Ôparx  tou sqetzetai me to isqurì
CP-prìblhma th kbantik  qrwmodunamik .
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Pnaka 5.1: Ta DM Senria
Senrio Suneisforè sthn 
 h 

LSP
h
2


M





DM


B


CDM


HDM
CHDM 0:7 0:05 0:25 0:05 0:05 0:005 0 0:5 0:05 0:175 0:045
CDM 0:35 0:1 0 0:05 0:005 0:65 0:5 0:65 0:05 0:155 0:065
 Upoy fioi gia yuqr  DM (: CDM). Sthn kathgora aut  egklewntai swmtia pou mporoÔn
na jewrhjoÔn mh sqetikistik thn stigm  th aposÔndesh, sÔmfwna me ta ektejènta sto
Ed. 4.74. Plhj¸ra upoyhfiot twn uprqei sthn perptwsh aut . Proexrqousa aut¸n enai h
upofiìthta tou Elafrìtatou UpersummetrikoÔ SwmatioÔ (: LSP) pou mpore na enai neutrali-
no, sneutrino, gravitino   axino. Enallaktik senria ktzontai me mh topologik solitìnia  
bari mh jermik leyana.
Profan¸, kpoio edo DM mpore na suntjetai apì perissìtera tou enì edou swmatwn. Sth
diatrib  aut , upotjetai oti h CDM dometai mìno apì LSP, h tautìthta tou opoou ja kajoriste sto
Ed. 5.5.
5.2.4 Pijanè Suneisforè sthn 

Apì thn arqègonh sqèsh th Ex. (4.23) fanetai ìti h parmetro kosmologik  puknìthta dometai apì
dÔo sunist¸se:
a. Thn ofeilìmenh sthn puknìthta Ôlh 

M
, h opoa sÔmfwna me ìle ti endexei, sumperilambnei
ti ex  upodiairèsei:
 Thn ofeilìmenh sthn puknìthta baruonik  Ôlh 

B
.
 Thn ofeilìmenh sthn puknìthta DM, 

DM
, h opoa upodiairetai peraitèrw se tm ma pou
ofeletai se puknìthta jerm  DM, 

HDM
kai yuqr  DM, 

CDM
.
Sumperasmatik, mpore na grafe h paraktw:


M
= 

B
+

DM
ìpou 

DM
= 

HDM
+

CDM
: (5.3)
b. Thn ofeilìmenh sth kosmologik  stajer, 


.
5.2.5 Ta CDM Senria
Uprqoun dÔo basik senria dieujèthsh twn diforwn suneisfor¸n th 
, ¸ste h prokÔptousa tim  na
enai sumbat  me plhjwristik  prìgnwsh (
 = 1). Aut parousizontai sugkentrwtik sto sugkritikì
Pnaka 5.1 kai paraktw dnontai ta basik tou qarakthristik qwr emmon  sta peda aprosdiorista:
a. To HCDM Senrio. SÔmfwna me to senrio autì, oi suneisforè sthn 
 dieujetoÔntai w ex :


B
' 0:1; 

CDM
' 0:7; 

HDM
' 0:2
To senrio autì, An. [48℄, èqei ta ex  qarakthristik:
 H anhgmènh parmetro Hubble, lambnetai sta qamhlìtera epitrept ìri th, h ' 0:5.
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 Den epitrèpetai suneisfor apì ton ìro pou ofeletai sth .
 H kentrik  tim  gia thn epmaqh posìthta enai: 

CDM
h
2
' 0:175
 H jerm  sunist¸sa th CDM, mpore na sunstatai apì elafr ekfulismèna netrno, prgma
pou enai sumbatì me ti talant¸sei twn atmosferik¸n kai hliak¸n netrno mèsa sta plisia
enì upersummetrikoÔ plhjwristikoÔ protÔpou sÔmfwna me thn An. [52℄.
b. To CDM Senrio. SÔmfwna me to senrio autì oi sunesforè sthn 
 dieujetoÔntai w ex :


B
' 0:05; 

CDM
' 0:3; 


' 0:65
To senrio autì, An. [53℄, èqei ta ex  qarakthristik:
 H anhgmènh parmetro Hubble, lambnetai sta uyhlìtera epitrept ìri th, h ' 0:65.
 Den problèpetai suneisfor apì th jerm  sunist¸sa th CDM. Epìmenw, to senrio enai
sumbatì me ierrqhsh sti mze twn netrno, sÔmfwna me thn An. [54℄.
 H kentrik  tim  gia thn epmaqh posìthta enai: 

CDM
h
2
' 0:155.
 Enai sunepè me prìsfate metr sei th meglh upèrujrh metatìpish ston uperkainofan 
tÔpou Ia (An. [55℄), oi opoe diagn¸skoun epitagqunìmenh diastol  tou sÔmpanto, prgma
pou sunepgetai ìti mia upologsimh suneisfor sthn 
 ja ofeletai sthn , me sqetik
elattwmènh suneisfor apì th 

M
, ìpw epibebai¸netai apì ta anagrafìmena ston Pnaka
4.1. Autì shmanei ìti to sÔmpan eserqetai se mia nèa fsh plhjwrismoÔ, ìpou h  ja gnei
kurarqh, ìpote h olokl rwsh tou biologikoÔ kÔklou tou sÔmpanto èqei arqsei. Bebaw,
poll apì ta stoiqea twn parathr sewn qr zoun diasafhnsewn.
'Elegqo twn senarwn aut¸n, gnetai me sÔgkrish tou fsmato twn diakÔmansewn puknìthta (Æ=)
pou parèqoun me autì pou prokÔptei apì ti metr sei th anisotropa th CBR sÔmfwna me thn An. [49℄.
Sumperanetai ìti kai ta dÔo enai exsou apodektè ermhnee gia th sÔnjesh th kosmik  dom .
Sumperasmatik, upojètwnta ìti h CDM suntjetai exolokl rou apì èna sustatikì, to LSP, se ìlh
thn èktash th diatrib  aut  ja lhfjoÔn ta paraktw ìria (An. [44℄, [53℄) pou enai sumbat kai me ta
dÔo senria pou ektèjhkan:
0:09
<



LSP
h
2
<

0:22: (5.4)
5.2.6 H upoyhfiìthta tou LSP
Anmesa stou diforou upoy fiou gia skotein  Ôlh, o pio dishmo kai poll uposqìmeno enai to
LSP. Mia poiotik  perigraf  tou senarou pou kaloÔmaste na ulopoi soume, ja epiqeirhje se aut  thn
pargrafo, akolouj¸nta thn An. [56℄. Baszetai sthn Ôparxh enì swmatou me ti paraktw idiìthte:
 Elafrìtato. Me th sunj kh aut  exasfalzetai ìti me to daba tou qrìnou, ìla ta swmtia tou
MSSM ja diaspastoÔn se LSP qwr autì na mpore na diaspaste se lla swmtia tou MSSM.
 Eustajè. Den mpore na diaspaste apì mìno tou se swmtia tou SM. EggÔhsh gia aut n thn u-
pìjesh mpore na apotelèsei h uiojèthsh th isotima-R pou parabizetai se diadikase dispash
enì spartile se swmtia amig¸ tou SM, ìpw exhgetai sto Ed. 2.3.2d.
 Asjen¸ allhlepidrìn. Oi diadikase allhlokatastrof  pou ellat¸noun thn arijmhtik  puknì-
thta tou swmatou gnontai polÔ arg.
En arq , up rqe to puknì kai jermì SÔmpan. To LSP briskìtan se JDI me ta lla swmtia tou
kosmikoÔ reustoÔ allhlepidr¸nta maz tou me amfdrome antidrsei:
LSP + LSP$ X + Y (5.5)
sti opoe h R-isotima diathroÔntan. Se autè ti jermokrase, to LSP  tan èna isqur sqetikistikì
swmtio me puknìthta arijmoÔ na dnetai apì thn Ex. (4.53). Kaj¸ to SÔmpan yÔqetai, h jermokrasa
proodeutik elatt¸netai kai kpoia stigm  pèftei ktw apì th mza tou LSP, opìte h puknìthta arijmoÔ
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twn LSP arqzei na fjnei ekjetik, bsh th Ex. (4.59). Oi amfdrome antidrsei th Ex. (5.5)
metatrèpontai se monìdrome katastrofikè. Epoptik ta prohgoÔmena sunoyzontai sthn epìmenh:
n
~

8
<
:
T
3
; T  m
~
(m
~
T )
3=2
e
 m
~
=T
; T  m
~
(5.6)
An ta dedomèna tou senarou  tan aut, to LSP ja olokl rwne to zwtikì tou kÔklo sb nonta arg
upì thn eprroia tou pargonta th MBS mèsa sto kosmikì loutrì. Apì to shmo autì tèlo, to LSP
s¸zetai gia dÔo lìgou:
 Enai asjen¸ allhlepidrìn swmtio, opìte oi antidrsei katastrof  oi opoe to fjeroun prag-
matopoioÔntai polÔ arg.
 Kpoia stigm  drapeteÔei apì to kosmikì loutrì. Autì gnetai ìtan h sunj kh aposÔndesh, Ex.
(4.74) apokatastaje, se jermokrsia T
F
, ìpou (m
~
=T
F
 25).
Met apì thn peripèteia aut , h arijmhtik  puknìthta twn LSP arqzei na fjnei polÔ pio arg (n
~

1=R
3
). Epiplèon h upìjesh eustjei tou, to kajist anjektikì sto pèrasma twn ai¸nwn. Yuqrì
kai skoteno, ìpw enai, pern aparat rhto. An mlista, h CRD twn apolijwmtwn tou mpore na
epalhjeÔsei ta CDM kosmologik ìria, tìte to LSP gnetai èna epituq  CDM upoy fio. Autì, ìmw
den enai pnta elegqìmeno kai mpore eÔkola h upoyhfiìthta na apobe atelèsforh, ete giat uperphd
ete giat den proseggzei ta CDM kosmologik ìria.
Pio sunarpastikì gnetai to senrio, an to LSP apokt sei sunergì (  kai sunergoÔ) sthn epiqerhsh
apìdras  tou apì to kosmikì loutrì. To rìlo autì kaletai na diadramtisei to NLSP. Mlista, h
summetoq  tou gnetai prwtagwnistik , an autì diajètei suggèneia mza me to LSP, an dhlad  h mza
tou m
NLSP
enai perpou sh me thn m
LSP
. H drasthriìthta tou NLSP exelssetai se dÔo stdia:
 Suneisfèrei sthn antallag  arijmoÔ swmatidwn anmesa sta swmtia tou SM kai touMSSM mèsw
diadikasi¸n tou tÔpou:
LSP +X $ NLSP + Y; (5.7)
ìpou taX;Y enai swmtia tou SM. Oi diadikase autè sumbanoun suqn se jermokrase T  T
F
,
diìti h aktna antdrash enai anlogh mia dÔnamh tou pargonta th MBS exp( m
LSP
=T
F
) '
exp( 25) gia m
LSP
' m
NLSP
(ta perissìtera X; Y enai sqetikistik se jermokrase T  T
F
).
Antjeta oi katastrofè LSP-LSP sumbanoun ligìtero suqn, afoÔ h aktna antdrash enai
anlogh dÔo dunmewn tou diou fktora. Oi allhlepidrsei tou tÔpou th Ex. (5.7) diathroÔn
sqetik  isorropa anmesa sto LSP kai sto NLSP gia arketì qrìno met thn apìdrash ìlwn twn
MSSM swmatidwn apì to kosmikì reustì.
 Suneisfèrei sthn exèlixh th arijmhtik  puknìthta twn LSP mèsw twn diadikasi¸n suggenik 
katastrof  (: CAE):
LSP +NLSP
()
$ X + Y kai NLSP +NLSP
()
$ X + Y: (5.8)
Proodeutik ìla taNLSP;NLSP
()
ja diaspastoÔn se LSP (sun swmtia tou SM). H shmerin  arijmhtik 
puknìthta twn LSP brsketai me lÔsh th exswsh Boltzmann. Autì ja enai jèma th epìmenh para-
grfou. Mia prìgeush tou apìtelèsmato mpore na doje sto shmeo autì akolouj¸nta thn An. [57℄.
Kentrikì rìlo sthn exèlixh th arijmhtik  puknìthta twn LSP, pazei h dr¸sa energì diatom :

e
 (LSP  LSP) + g
NLSP
(LSP NLSP) + (g
NLSP
)
2
(NLSP NLSP
()
): (5.9)
ìpou èqoun diathrhje mìno oi ousi¸dei pargonte th MBS me:
g
NLSP
 (1 + 
NLSP
)
3=2
e
 
NLSP
m
LSP
=T
(5.10)
Epomènw, rujmistikì rìlo sthn èntash twn CAE pazei h sqetik  diafor mza twn dÔo prwtagwnist¸n
tou senarou:

NLSP
= (m
NLSP
 m
LSP
)=m
LSP
(5.11)
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kai bebaw, oi emplekìmene energè diatomè twn CAE. 'Wste, h sunèrgeia tou NLSP sthn apìdrash
tou LSP apì to kosmikì reustì enai drastik , ìtan isqÔoun oi ex  sunj ke (An. [57℄):

NLSP
 1 kai (LSP NLSP) + (NLSP  NLSP
()
) (LSP  LSP): (5.12)
Austhrìterh majhmatik  epexergasa kai epèktash twn ennoi¸n pou eis qjhkan entel¸ perigrafik
sthn pargrafo aut  gnetai sto Ed. 5.3. To pleonèkthma mia tètoia prokatarktik  parousash
enai h apofug  emplok  se majhmatik kataskeusmata pou merikè forè suntenoun sthn ap¸leia
tou n mato.
5.3 Enapomènousa Puknìthta twn LSP
H jemelwsh tou basikoÔ tupolìgiou pou qrhsimopoietai gia ton upologismì th enapomènousa puknìth-
ta (: CRD) twn LSP enai o skopì aut  th enìthta. Sto Ed. 5.3.1 parousizetai h basik  exswsh
pou dièpei to prìblhma. Akoloujetai h prosèggish twn suggrafèwn th An. [58℄, sthn opoa esagontai
gia pr¸th for oi CAE. Lambnetai, epsh, upìyh h ana-kanish tou formalismoÔ pou epiqeir jhke sthn
An. [59℄. Sto Ed. 5.3.2 eisgetai h ènnoia th dr¸sa energoÔ diatom  kai sto Ed. 5.3.3 anadeiknÔetai
h exswsh pou parèqei th jermokrasa yÔxh tou LSP. Mia eÔqrhsth telik  lÔsh epitugqnetai sto Ed.
5.3.5.
5.3.1 H exswsh Boltzmann
JewroÔme thn allhlokatastrof  N upersummetrik¸n swmatwn ~
i
(i = 1; : : : ; N) me mze m
i
, diate-
tagmène w ex  m
1
 m
2
     m
N 1
 m
N
kai eswterikoÔ bajmoÔ eleujera (statistik brh)
g
i
. Pro apofug  sugqÔsew, epishmanetai ìti gia th mza tou LSP ja qrhsimopoietai to sÔmbolo m
1
se ìlh th dirkeia th paroÔsa enìthta 5.3.
H exèlixh th arijmhtik  puknìthta n
i
tou swmatou i dnetai apì thn exswsh Boltzmann pou me
bsh thn An. [36℄, grfetai:
dn
i
dt
=  3Hn
i
 
N
X
j=1
h
ij
v
ij
i
 
n
i
n
j
  n
eq
i
n
eq
j
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 
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h
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Xij
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ij
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i
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X
  n
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X
  n
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 
X
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
 
ij
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i
  n
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i
)   
ji
 
n
j
  n
eq
j
 
: (5.13)
O pr¸to ìro sto deÔtero mèlo ofeletai sth diastol  tou sÔmpanto, o deÔtero perigrfei ti
allhlokatastrofè kai ti suggenikè katastrofè ~
i
~
j
, twn opown h olik  energì diatom  enai:

ij
=
X
X
(~
i
~
j
! X): (5.14)
O trto ìro perigrfei ti metallagè ~
i
! ~
j
èxw apì to kosmikì upìbajro, me energè diatomè:

0
Xij
=
X
Y
(~
i
X ! ~
j
Y ) (5.15)
O teleutao ìro sumperilambnei ti diaspsei twn ~
i
me aktne dispash:
 
ij
=
X
X
 (~
i
! ~
j
X): (5.16)
Sti prohgoÔmene ekfrsei, X kai Y enai swmtia (  sÔnola apì swmtia) tou SM pou metèqoun sti
diadikase, v
ij
enai h sqetik  taqÔthta twn i kai j kai n
eq
i
h arijmhtik  puknìthta twn swmatwn ~
i
pou
lambnetai apo thn Ex. (4.59) afoÔ se jermokrase T < m
i
ta swmata ~
i
upìkeintai se MBS.
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Kanonik, oi diaspsei ìlwn twn swmatwn, ~
i
me i 6= 1 (afoÔ to 1 jewr jhke eustajè) gnontai
grhgorìtera apì thn hlika tou sÔmpanto. Sunep¸, èqonta upojèsei diat rhsh th R-parity, ìla aut
ta swmtia diasp¸ntai sto LSP lìgw twn diadikasi¸n th Ex. (5.16) . Epomènw, h telik  arijmhtik 
puknìthta tou LSP ja exarttai apì to jroisma twn puknot twn ìlwn twn swmatwn tou MSSM,
n =
N
X
i=1
n
i
: (5.17)
Gia to n lambnetai h epìmenh exswsh exèlixh:
dn
dt
=  3Hn 
N
X
i;j=1
h
ij
v
ij
i
 
n
i
n
j
  n
eq
i
n
eq
j

(5.18)
ìpou oi ìroi sth deÔterh kai trth gramm  th Ex. (5.13) allhlodiagrfontai ajroizìmenoi. Epìmenw,
oi diadikase sti Ex. (5.15), (5.16), den suneisfèroun sthn exèlixh th arijmhtik  puknìthta tou LSP.
5.3.2 Dr¸sa Energì Diatom 
H ènnoia th dr¸sa energoÔ diatom  suntenei se shmantik  aplopohsh th exswsh Boltzmann kai
ma wje se porea telik  lÔsh th. Shmantikì rìlo sto shmeo autì pazoun oi diadikase th
Ex. (5.15). Lìgw twn diadikasi¸n aut¸n, ìla ta elafr¸ barÔtera apì to LSP swmtia tou MSSM
diat rountai se sqetik  JDI me to LSP gia arketì qrìno met thn aposÔndesh tou LSP apì to kosmikì
reustì. Posotik all proseggistik ekfrazìmenoi, epikaloÔmenoi thn Ex. (4.59) gia ta ~
i
kai ti Ex.
(4.50), (4.53) gia ta X , epitugqnoume:

ij
n
i
n
j
 T
3
m
3=2
i
m
3=2
j

ij
e
 (m
i
+m
j
)=T
; (5.19)

0
Xij
n
i
n
X
 T
9=2
m
3=2
i

0
Xij
e
 m
i
=T
; (5.20)
opìte n
X
=n
j
 (T=m
j
)
3=2
e
 m
j
=T
 10
9
(5.21)
upojètwnta ìti oi 
ij
; 
0
Xij
den enai dramatik diaforetikè. AfoÔ thn jermokrasa aposÔndesh
thn elègqoun oi diadikase sthn Ex. (5.14) epitrèpetai na upojèsoume ìti oi lìgoi twn arijmhtik¸n
puknot twn isountai me tou antistoiqou se JDI:
n
i
n
'
n
eq
i
n
eq
=) n
i
n
j
  n
eq
i
n
eq
j
'
n
eq
i
n
eq
j
(n
eq
)
2
 
n
2
  (n
eq
)
2

: (5.22)
Antikajist¸nta sthn Ex. (5.22), lambnetai h kat polÔ aploÔsterh èkfrash
dn
dt
=  3Hn  h
e
vi
 
n
2
  (n
eq
)
2

(5.23)
apì thn opoa o orismì th dr¸sa energoÔ diatom  anadÔetai aujìrmhta

e
v =
X
i;j

ij
v
ij
r
i
(x)r
j
(x) ; (5.24)
me ta nèa bolik sÔmbola r
i
(x) orizìmena w ex :
r
i
(x) :=
n
eq
i
n
eq
(5.25)
kai upologizìmena komy apì thn epìmenh:
r
i
(x) =
g
i
(1 + 
i
)
3=2
e
 
i
x
g
e
me x = m
1
=T: (5.26)
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Sthn Ex.(5.26) èqoun eisaqje ta sÔmbola th sqetik  diafor mza,

i
= (m
i
 m
1
)=m
1
(5.27)
kai tou dr¸nto statistikoÔ brou,
g
e
(x) =
X
i
g
i
(1 + 
i
)
3=2
e
 
i
x
: (5.28)
H apìdeixh th eÔqrhsth Ex.(5.26) gnetai antikajist¸nta sthn Ex.(5.25) ti ekfrsei gia ti
puknìthte arijmoÔ swmatwn se katstash isorropa sto kosmikì reustì pou edrzontai sth mh sqetik-
istik  prosèggish. Epomènw, gia kje swmtio i, isqÔei:
n
eq
i
(x) =
g
i
(2)
3=2
m
3=2
i
m
3=2
1
x
 3=2
e
 xm
i
=m
1
(5.29)
kai diair¸nta me thn antstoiqh èkfrash gia to swmtio anafor 1, lambnetai:
n
eq
i
(x)
n
eq
1
(x)
=
g
i
g
1
(
m
i
m
1
)
3=2
x
 3=2
e
 x
i
=)
n
eq
i
(x) =
g
i
(2)
3=2
(1 + 
i
)
3=2
e
 
i
x
m
3
1
x
 3=2
e
 x
(5.30)
Ajrozonta ti Ex. (5.30), lambnetai h puknìthta arijmoÔ ìlwn twn swmatwn:
n
eq
(x) =
g
e
(2)
3=2
m
3
1
x
 3=2
e
 x
(5.31)
opìte diair¸nta thn Ex. (5.30) me thn Ex. (5.31), epitugqnetai h apodeiktèa Ex. (5.26).
5.3.3 Jermokrasa AposÔndesh twn LSP
H jermokrasa aposÔndesh (  yÔxh, afoÔ prìkeitai gia yuqr apomeinria) twn LSP, T
F
orzetai w
ekenh sthn opoa ta LSP apomakrÔnontai apì th kosmikì reustì. Sth sunj kh apodeÔsmesh, Ex. (4.74)
 (x
F
) ' H(x
F
) ìpou x
F
= m
1
=T
F
(5.32)
antikajstantai:
 H oristik  èkfrash th aktna allhlepdrash, Ex. (4.73) pou parnei th morf :
 (x
F
) = n
eq
(x
F
)h
e
vi(x
F
); (5.33)
ìpou h arijmhtik  puknìthta twn LSP sthn JDI brsketai efarmìzonta thn Ex. (4.59):
n
eq
(x
F
) =
g
e
(2)
3=2
m
3
1
x
 3=2
F
e
 x
F
: (5.34)
 H parmetro Hubble, pou gia èna kuriarqoÔmeno apì aktinobola sÔmpan, grfetai sunduzonta
ti Ex. (4.76) kai (4.65):
H(x
F
) =
s
8
RD
3M
2
P
= 2
r

45
g
1=2

M
P
m
2
1
x
2
F
(5.35)
H katlhxh twn antikatastsewn katagrfetai adr sti paraktw grammè:
2
5=2

3
p
45
g
1=2

M
P
= m
1
x
1=2
F
e
 x
h
e
vi(x
F
) (5.36)
=) x
F
= ln
0:0382435 g
e
(x
F
)M
P
m
1
h
e
vi(x
F
)
g
1=2

x
1=2
F
 (5.37)
H telik  exswsh mpore na luje arijmhtik. Oi timè pou epitugqnontai gia th jermokrasa apodès-
meush enai th txh m
1
=25 kai epomènw, h mh sqetikistik  prosèggish pou epilèqjhke sthn Ex.(5.26)
enai toulqiston autosunep .
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5.3.4 Proseggistik  lÔsh th Boltzmann
H epteuxh proseggistik  lÔsh apaite ton anasqhmatismì th morf  th exswsh Boltzmann, Ex.
(5.23), ¸ste w anexrthth metabl th na teje h jermokrasa. Me autìn w ap¸tero skopì, orzetai:
Y =
n
s
(5.38)
opìte h diat rhsh th entropa
d
dt
(s(T )R
3
) = 0 sunepgetai dÔo nèe exis¸sei:
 Ma pou sundèei th nèa parmetro me thn trèqousa puknìthta arijmoÔ swmatwn
d
dt
(
n
Y
R
3
) = 0 =) _n+ 3Hn = s
_
Y (5.39)
Me bsh thn prohgoÔmenh h Ex. (5.23) mpore na grafei sth morf :
_
Y =  sh
e
vi
 
Y
2
  Y
2
eq

: (5.40)
 Ma pou exasfalzei thn eisagwg  th jermokrasa sthn allhlouqa twn exis¸sewn
_
T =  3
_
R
R
s(T )
s
0
(T )
: (5.41)
Ekmetaleuìmenoi aut  th deÔterh sunèpeia th isentropik  kosmik  diastol ,
_
Y =
dY
dx
dx
dt
=  
dY
dx
x
_
T
T
= 3H
dY
dx
x
2
m
~
s(T )
s
0
(T )
(5.42)
Sunduzonta ta prohgoÔmena kekthmèna, epitugqnetai
dY
dx
=  
m
1
x
2
s
0
3H
h
e
vi
 
Y
2
  Y
2
eq

: (5.43)
Se èna sÔmpan kuriarqoÔmeno apì aktinobola, isqÔoun oi Ex. (4.76) kai (4.66) opìte antikajist¸nta
th posìthta s
0
=3H , h Ex. (5.43) telik grfetai:
dY
dx
=  
r

45
g
1=2

m
1
x
2
M
P
h
e
vi
 
Y
2
  Y
2
eq

(5.44)
Met thn apodèsmeush twn LSP, h trèqousa puknìthta arijmoÔ swmatwn enai auxhmènh se sqèsh me
aut  pou enai se isorropa h opoa gia T >> m
1
fjnei taqèw lìgw tou ekjetikoÔ pou ofeletai sthn
MBS. Epomènw, h prosèggish
n
2
  (n
eq
)
2
' n
2
=) Y
2
  (Y
eq
)
2
' Y
2
enai kal aitiologhmènh. Epsh, lambnetai to g

na enai praktik stajerì sthn tim  pou apokt th
stigm  th apodèsmeush. Opìte h olokl rwsh th Ex. (5.44) apì x
F
mèqri x
0
= m
1
=T
0
' 1 ìpou
T
0
enai h shmerin  jermokrasa twn fwtonwn sto sÔmpan, kajstatai èna tetrimmèno egqerhma me
apotèlesma thn shmerin  tim  tou lìgou Y
0
= Y (1), pou enai:
Y
0
=  

r

45
g
1=2

m
1
M
P
x
 1
F
J
e

 1
; (5.45)
ìpou qrhsimopoi jhke h prosèggish Y (1)   Y (x
F
) ' Y (1) (kai pli lìgw th MBS) kai orsthke h
posìthta:
J
e
:= x
F
Z
1
x
F
h
e
vix
 2
dx ; (5.46)
h qrhsimìthta th opoa fanetai sthn arijmhtik  epexergasa twn apotelesmtwn.
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5.3.5 TÔpo UpologismoÔ th CRD twn LSP
Apì ton orismì th paramètrou puknìthta, sthn Ex. (4.23) kai th bohjhtik  posìthta Y sthn Ex.
(5.38), lambnetai:


LSP
= 
1
0
=

0
me 
1
0
= m
1
s
0
Y
0
(5.47)
ìpou qrhsimopoi jhke profan¸ h Ex. (4.60). Antikajist¸nta ti shmerinè timè gia thn krsimh
puknìthta, 

0
kai thn puknìthta entropa s
0
apì ti Ex. (4.87), (4.91) kai to apotèlesma gia to Y
0
apì
thn Ex. (5.45), prokÔptei h telik  èkfrash:


LSP
h
2
'
1:06647 10
9
GeV
 1
g
1=2

(x
F
)M
P
x
 1
F
J
e
(5.48)
Gia èna tupikì LSP mza 200GeV kai gia x
F
' 20, prokÔptei ìti m
b
< T
F
< M
W
, opìte apì ton Pnaka
4.2 sungetai oti g

(x
F
) ' 86:25 pou antistoiqe se qrìno t
F
' 2:6 10
 9
se, mèsw th Ex. (4.77).
H apl  Ex. (5.48) pou epiteÔqjhke den paÔei na enai proseggistik  kai isqÔei me mia akrbeia perpou
5% ìpw isqurzontai oi empneustè th sthn An. [36℄
5.4 Mèjodo upologismoÔ th h
ij
v
ij
i
O formalismì pou anaptÔqjhke sthn prohgoÔmenh pargrafo ja apèbaine anenergì, an den sun-
odeuìtan me ènan apotelesmatikì kai eÔqrhsto algìrijmo upologismoÔ th posot twn < 
ij
v
ij
> pou
ja mporoÔse na efarmoste se mia plhj¸ra diadikaswn Suggenik  Katastrof , kat bsh. Upobo-
hjhtikì stoiqeo sthn kateÔjunsh aut  enai h qamhl  jermokrasa aposÔndesh twn LSP pou epitrèpei
thn anptuxh th posìthta 
ij
v
ij
se dunmei th v
ij
w ex :
v
ij
= a
ij
+ b
ij
v
2
ij
+    (5.49)
H anptuxh aut  bebaw dieukolÔnei kai thn eÔresh th jermik  mèsh tim  th epmaqh posìthta.
Epomènw, to prìblhma metatjetai sthn andeixh mejìdou exagwg  twn suntelest¸n a
ij
kai b
ij
. Se
autì to jèma enai afier¸menh h epìmenh upopargrafo. Sth mejepìmenh, exgetai h jermik  mèsh tim .
Qrin aplìthta, kata th darkeia jemelwsh th mejìdou, ja aposurjoÔn oi dekte apì thn energì
diatom  
ij
, thn taqÔthta v
ij
kai stou suntelestè a
ij
kai b
ij
. Ennoetai fusik, ìti ta apotelèsmata
qrhsimopoioÔntai gia kje diadikasa allhlokatastrof    suggenik  katastrof  swmatwn, me oris-
mène arqikè kai telikè katastsei. Oi suntelestè a
ij
kai b
ij
prokÔptoun me sunupologismì ìlwn
twn diadikasi¸n pou antistoiqoÔn sti die arqikè katastsei ij.
5.4.1 Anptuxh tou v
rel
se dunmei tou v
rel
Akoloujetai h mèjodo pou anaptÔssetai apì to J. Wells sthn An. [60℄. Epektenetai, ìmw gia na
sumperilbei kai diadikase sti opoe ta dÔo allhlepidr¸nta arqik swmtia den èqoun thn dia mza.
'Estw m
1
, m
2
oi mze twn eiserqomènwn swmatwn (m
1
 m
2
) me tetraormè p
1
, p
2
kai enèrgeie E
1
,
E
2
kai m
3
, m
4
oi mze twn exerqomènwn swmatwn me tetraormè p
3
, p
4
kai enèrgeie E
3
, E
4
antstoiqa.
Sto sÔsthma anafìra kèntrou mza, isqÔei:
p
1
(E
1
; ~p
i
) ; p
2
(E
2
; ~p
i
) (5.50)
p
3
(E
3
; ~p
o
) ; p
4
(E
4
; ~p
o
) (5.51)
ìpou ta mètra twn eiserqomènwn j~p
i
j kai exerqomènwn j~p
o
j orm¸n enai:
j~p
i
j =
m
1
v
m
p
1  v
2
m
kai j~p
o
j =
p
(s  (m
3
+m
4
)
2
)(s  (m
3
 m
4
)
2
)
2
p
s
(5.52)
me v
m
th taqÔthta tou swmatou mza m
1
w pro to sÔsthma anafìra kèntrou mza, v
m
= j~p
i
j=E
1
kai s, t, u oi metablhtè Maldestam (s+ t+u = m
2
1
+m
2
2
+m
2
3
+m
2
4
). H diaforik  energì diatom  sto
enlìgw sÔsthma anafìra, enai:
d
d

=
jAj
2
64
2
s
j~p
o
j
j~p
i
j
: (5.53)
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Jètwnta
J(s; t) = jAj
2
kai K(s) =
j~p
o
j
16m
1
s
; (5.54)
h epmaqh posìthta mpìrei na grafe:
v
m
d
d

=
J(s; t)
4
K(s)
p
1  v
2
m
(5.55)
me 

th gwna skèdash twn swmatwn sto jewroÔmeno sÔsthma anafor. 'Opw fanetai apì thn
prohgoÔmenh, h eÔresh twn suntelest¸n a kai b apaite thn kat Taylor anptuxh twn posot twn J(s; t),
K(s) gÔrw apì ta s
0
, t
0
.
Arqik, gnetai h anptuxh twn dÔo metablht¸n Mandelstam:
s := (p
1
+ p
2
)
2
= (E
1
+E
2
)
2
= s
0
+ s
2
v
2
m
+O(v
4
m
) (5.56)
ìpou
s
0
= (m
1
+m
2
)
2
kai s
2
= 2m
2
1
+
m
1
m
2
(m
2
1
+m
2
2
): (5.57)
Epsh,
t : = (p
1
  p
3
)
2
= m
2
1
+m
2
3
  2E
1
E
3
+ j~p
i
jj~p
o
j os 

(5.58)
= t
0
+ t
1
os 

v
m
+ t
2
v
2
m
+O(v
3
m
) (5.59)
ìpou
t
0
=
 m
2
1
m
2
 m
1
m
2
2
+m
2
m
2
3
+m
1
m
2
4
m
1
+m
2
(5.60)
t
1
=
m
1
m
1
+m
2

2
1
(5.61)
t
2
=
m
1
2m
2
(m
1
+m
2
)

2
2
(5.62)
me

2
1
=
p
(m
1
+m
2
)
2
  (m
3
 m
4
)
2
p
(m
1
+m
2
)
2
  (m
3
+m
4
)
2
(5.63)

2
2
= (m
1
+m
2
)
3
+ (m
1
 m
2
)(m
2
4
 m
2
3
): (5.64)
Apì thn Ex. (5.63) prokÔptei o kinhmatikì periorismì pou prèpei na ikanopoietai gia thn prag-
matopohsh mia diadikasa: (m
1
+m
2
)  (m
3
+m
4
).
AkoloÔjw, anaptÔssetai to K(s) kat Taylor:
K(s) = K
0
+K
2
v
2
m
+O(v
4
m
) (5.65)
ìpou
K
0
=

2
1
32m
1
(m
1
+m
2
)
3
(5.66)
K
2
=
 (m
1
+m
2
)
4
  3(m
2
3
 m
2
4
)
2
+ 4(m
1
+m
2
)
2
(m
2
3
+m
2
4
)
64m
2
(m
1
+m
2
)
3

2
1
: (5.67)
AnaptÔssonta kai to J(s; t) gÔrw apì to s = s
0
kai t = t
0
, lambnetai:
J(s; t) = J(s
0
; t
0
) +
J(s
0
; t
0
)
s
(s  s
0
) +
J(s
0
; t
0
)
t
(t  t
0
)
+
1
2

2
J(s
0
; t
0
)
s
2
(s  s
0
)
2
+
1
2

2
J(s
0
; t
0
)
t
2
(t  t
0
)
2
+

2
J(s
0
; t
0
)
st
(s  s
0
)(t  t
0
) +    (5.68)
To krsimo shmeo ed¸ enai ìti to J(s
0
; t
0
) kai oi pargwgoi 
m+n
J
0
=s
m
t
n
den exart¸ntai apì th
gwna os 

. Mìno oi dunmei (t   t
0
)
n
exart¸ntai apì th gwna os 

. H exrthsh apì ti perittè
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dunmei katapngetai, afoÔ
R
d
os 

=
R
d
os
3


= 0, opìte apomènei h exrthsh apì th deÔterh
dÔnamh pou dnei
R
d
os
2


= 4=3. To apotèlesma th olokl rwsh th posìthta J(s; t)=4 sto
ìrio qamhl  taqÔthta enai:
Z
d

J(s; t)
4
= J
0
+ J
2
v
2
m
+O(v
4
m
) (5.69)
ìpou
J
0
= J(s
0
; t
0
); (5.70)
J
2
=
J(s
0
; t
0
)
s
s
2
+
J(s
0
; t
0
)
t
t
2
+
1
6

2
J(s
0
; t
0
)
t
2
t
2
1
: (5.71)
Telik, eisgonta ti anaptugmène morfè sthn ex.(5.55) kai krat¸nta ìrou meqri deÔterh txh
w pro thn v
m
lambnetai:
v
m
= a
m
+ b
m
v
2
m
(5.72)
ìpou
a
m
= J
0
K
0
; (5.73)
b
m
= J
0
K
2
 
1
2
J
0
K
0
+ J
2
K
0
: (5.74)
H metbash apì thn taqÔthta tou swmatou mza m
1
w pro to sÔsthma anafìra kèntrou mza, v
m
sth sqetik  taqÔthta v
rel
gnetai axiopoi¸nta ton orismì th An. [38℄:
v
rel
=
p
(p
1
p
2
)
2
 m
2
1
m
2
2
E
1
E
2
(5.75)
opìte antikajist¸nta
(p
1
p
2
)
2
 m
2
1
m
2
2
= (E
1
+E
2
)
2
j~p
i
j
2
kai anaptÔssonta kat Taylor , lambnetai:
v
rel
= (
m
1
+m
2
m
2
)v
m
+
m
1
( m
2
1
+m
2
2
)
2m
3
2
v
3
m
+O(v
5
m
) (5.76)
Sunep¸, oi suntelestè tou anaptÔgmato:
v
rel
= a+ bv
2
rel
(5.77)
enai:
a =
m
1
+m
2
m
2
a
m
kai b =
m
2
m
1
+m
2
b
m
: (5.78)
To mìno adieukrnisto b ma, loipìn, ston upologismì twn a kai b enai h eÔresh tou pltou jAj. H
diadikasa aut  baszetai se gn¸sei efarmog  twn kanìnwn Feynman kai lgebra antikeimènwn spino-
riakoÔ qarakt ra. Mèjodo, ìmw, den mpore na doje afoÔ oi teqnikè poikloun kata perptwsh. Peris-
sìtero fw se autì to shmeo tou upologismoÔ epiqeiretai na doje sto Parrthma Bþ ìpou anafèrontai
oi sqetiko kanìne Feynman kai ektjentai tra apl all antiproswpeutik paradegmata.
5.4.2 Exagwg  th jermik  mèsh tim  tou v
rel
H qrhsimìthta twn suntelest¸n a kai b fanetai apì thn emplok  tou sthn èkfrash th jermik  mèsh
tim  tou v
rel
. Analutikìtera, apì ton orismì th jermik  mèsh tim , isqÔei (apofeÔgetai gia lgo
akìma h qr sh deikt¸n)
< v
rel
> (T ) =
R
v
rel
e
 E
1
=T
e
 E
2
=T
d
3
p
1
d
3
p
2
R
e
 E
1
=T
e
 E
2
=T
d
3
p
1
d
3
p
2
; (5.79)
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ìpou p
1
(E
1
) kai p
2
(E
2
) oi tetraormè kai oi enèrgeie twn sugkrouìmenwn swmatidwn sto kosmikì
sÔsthma anafor hrema kai T h jermokrasa. Qrhsimopoi¸nta th mh sqetikistik  prosèggish th
Ex. (4.57), h parapnw grfetai se pio qrhstik  morf 
< v
rel
> (T ) =
R
v
rel
e
 p
2
1
=2m
1
T
e
 p
2
2
=2m
2
T
d
3
p
1
d
3
p
2
R
e
 p
2
1
=2m
1
T
e
 p
2
2
=2m
2
T
d
3
p
1
d
3
p
2
: (5.80)
Antikajist¸nta sth sunèqeia, thn aneptugmènh morf  th v
rel
anaptÔssonta kai th sqetik  taqÔthta
se dunmei twn p
1
kai p
2
, (v
2
rel
' (p
1
=m
1
  p
2
=m
2
)
2
) kai allzonta metablhtè apì ti p
1
kai p
2
sti
p
rel
= p
1
  p
2
, p
T
= p
1
+ p
2
to apotèlesma th olokl rwsh prokÔptei eÔkola. Eisgonta kai dekte
sthn telik  èkfrash aut  parnei thn ex  morf :
< 
ij
v
ij
> (x) = a
ij
+

6 + ( 12 +
8

)
ij
+O(
2
ij
)

b
ij
=x; (5.81)
ìpou
ij
= (m
j
 m
i
)=m
i
h anhgmènh diafor mza twn dÔo allhlepidr¸ntwn swmatwn, i,j. Profan¸,
oi ìroi th prohgoÔmenh exswsh pou enai anlogoi tou 
ij
mporoÔn na amelhjoÔn, giat oi timè pou
lambnei to 
ij
enai mikrìtere tou 0:25, prgma pou apaitetai gia na einai shmantik  kai h suggenik 
katastrof . Epomènw, to telikì apotèlesma parnei th ex  sÔntomh morf :
< 
ij
v
ij
>= a
ij
+ 6b
ij
=x (5.82)
5.4.3 Axiolìghsh twn suneisfor¸n sth dr¸sa energì diatom 
H suneisfor twn diafìrwn diadikasi¸n kai xeqwrist twn suntelest¸n a
ij
kai b
ij
sto telikì apotèlesma
ektimtai kalÔtera me omadopohsh aut¸n pou èqoun stajerì oloklhrwtikì pargonta sthn posìthta
J
e
. Pio sugkekrimèna, qrhsimopoi¸nta ti Ex. (5.24), (5.46) kai (5.82), epitugqnetai:
J
e
=
X
(ij)
J
(ij)
; ìpou J
(ij)
:=
X
(ij)
(J
a
(ij)
a
ij
+ J
b
(ij)
b
ij
) (5.83)
kai h jroish logzetai se omde arqik¸n katastsewn (ij) me dia tim  stou oloklhrwtikoÔ par-
gonte:
J
a
(ij)
= 
(ij)
x
F
Z
1
x
F
dx
x
2
r
i
(x)r
j
(x) ; (5.84)
J
b
(ij)
= 6
(ij)
x
F
Z
1
x
F
dx
x
3
r
i
(x)r
j
(x)  (5.85)
Ta 
(ij)
enai stajerè pou ekfrzoun ton arijmì pou emfanzetai h energì diatom  mia diadikasa tÔpou
(ij) sto jroisma th Ex. (5.24). Enai axioshmewto ìti gia 
1j
= 0 o susqetismì twn oloklhrwtik¸n
paragìntwn lambnei thn ex  apl  morf  (afoÔ ta r
i
(x) gnontai anexrthta tou x):
J
b
(ij)
= 3J
a
(ij)
=x
F
(5.86)
Apì ti ekfrsei pou epiteÔqjhkn pio pnw mporoÔn na gnoun oi paraktw parathr sei sqetik me
ti epimèrou suneisforè sto J
e
:
 H suneisfor twn diadikaswn suggenik  katastrof  enai shmantik  mìno gia mikr 
1j
< 0:25
lìgw twn uparqìntwn ekjetik¸n sta oloklhr¸mata twn Ex. (5.85) pou fjnoun taqèw.
 Apì ti diadikase suggenik  katastrof , oi pio shmantikè posotik enai oi tÔpou (1i), me
i > 1 lìgw th Ôparxh mìno enì ekjetikoÔ sta oloklhr¸mata twn Ex. (5.85)
 H suneisfor twn diadikaswn suggenik  katastrof  efrzetai kurw mèsw twn suntelest¸n
a
ij
afoÔ h suneisfor twn b
ij
enai sumpiesmènh kat èna sqetikì pargonta toulqiston 1/7, ìpw
enarg¸ prokÔptei apì thn Ex. (5.86).
 'Otan oi diadikase suggenik  katastrof  paÔoun na droun apoikodomhtik, 
1j
> 0:25, h
diadikasa allhlokatastrof , 11 gnetai kurarqh gia to telikì apotèlesma.
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5.5 Efarmog  se LSP morf  Bino
H elafrìtath IDK mza tou pnaka twn neutralino mpore na grafe w grammikì sunduasmì twn IDK
bajmda apì ti opoe proèrqetai w ex :
~ = N
11
( i
~
B) +N
21
( i
~
W
3
) +N
31
~
H
0
+N
41
~

H
0
: (5.87)
Oi suntelestè N
11
 N
14
enai ta stoiqea tou pnaka N pou diagwnopoie ton pnaka twn neutralino kat
thn Ex. (2.72). H taxinìmhsh th fÔsh enì neutralino gnetai mèsw tou megèjou th kajarotht tou
pou orzetai w ex :
P := N
2
11
+N
2
21
:
An P > 0:9, to neutralino enai morf  gaugino, en¸ an P < 0:1 enai morf  higgsino kai an 0:1  P  0:9
enai mikt  morf . Apì aut  thn poikila peript¸sewn, to neutralino sto opoo enai afierwmènh h
melèth th diatrib  aut  enai ìqi mìno morf  gaugino all akìma eidikìtera, morf  Bino, pou
shmanei ìti:
N
11
' 1; N
21
' N
31
' N
41
' 0: (5.88)
Den enai tuqaa h epilog  aut . Arqik, pollè enai oi marture (An. [46℄) pou sugklnoun sto
sumpèrasma oti den enai epituq  upoy fio gia th lÔsh tou probl mato th CDM èna LSP morf :
 Higgsino, giat h mewsh pou ufstatai h CRD tou, lìgw twn ANE se zeÔgh W; Z enai kataklus-
miaa, me apotèlesma na mhn epitugqnontai ta CDM ìria gia mze tou LSP mikrìtere tou :5TeV,
akìma kai qwr thn parousa twn CAE sÔmfwna me thn An. [61℄.
 W
3
, giat h CRD ufstatai drastik  tapenwsh lìgw twn anapìfeuktwn CAE me to sqedìn ek-
fulismèno elafrìtato hargino, opìte h mza tou LSP prèpei na gnei megalÔterh tou 1TeV gia na
gnei endiafèron gia ta CDM senria.
Epiplèon, h qrhsimopohsh pagkìsmiwn arqik¸n sunjhk¸n gia tou ìrou asjènou parabash th uper-
summetra, san kai autè pou ja qrhsimopoihjoÔn sta epìmena keflaia, odhge me meglh pijanìthta
se LSP morf  Bino sÔmfwna me thn An. [62℄. Kurw ìtan kai h parmetro tan parnei megle timè,
h upìjesh ma enai idiaitèrw dikaiologhmènh. Gia mikrìtere timè th tan parathr jhkan apoklsei
apì thn sumperifor aut  opìte kai ja gnetai mesh anafor sto meionèkthma th upojèsh ma.
Ma akìma sunj kh pou prèpei na isqÔei ¸ste h arqik  ma upìjesh sthn Ex. (5.88) na mhn alloi¸nei
th genikìthta twn apotelesmtwn ma, enai na fulssetai arket  apìstash th mza tou LSP apì to
diplsio twn maz¸n pou emfanzontai stou diadìte twn diadikasi¸n mèsw tou diaÔlou s. Posotik
ekfrazìmenoi, prèpei:
m
~
 [℄ M
Z
=2; m
h
=2; m
H
=2; m
A
=2 (5.89)
Autè oi perioqè twn pìlwn genik enai apomonwmène ston parametrikì q¸ro twn protÔpwn pou ja
exetastoÔn kai gia autì, o deÔtero autì periorismì pou prèpei na isqÔei gia na enai efarmìsima ta
apotelesmat ma den epirrezei aisjht thn exagwg  genik¸n sumperasmtwn.
'Opw fanetai apì thn Ex. (5.48) gia ton upologismì th CRD twn LSP apaitetai o upologismì
twn Energ¸n Diatom¸n twn ANE kai CAE. Se aut ta jèmata enai afierwmèna ta Ed. 5.5.1, 5.5.2,
5.5.3. Tèlo diaforopoi sei, diafwne kai diasafhn sei sqetik me ta apotelèsmata th melèth pou
parousizetai sthn An. [64℄ dieujetoÔntai sto Ed. 5.5.4.
Stou ektej menou Pnake 5.2, 5.3 kai 5.6 twn Ed. 5.5.1, 5.5.2 kai 5.5.3 perigrfontai sumbo-
lik ìla ta diagrmmata Feynman pou suneisfèroun sth dr¸sa energì diatom  gia kje perptwsh.
Efarmìzonta to genikì formalismì tou Ed. 5.3, oi eke arijmhtiko dekte ij, ensark¸nontai se s-
partiles sugkekrimènh tautìthta. Profan¸ 1 := ~. H tautopohsh twn llwn arijm¸n gnetai kat
perptwsh sta antstoiqa edfia. Ta swmtia pou enallsontai se kje zeÔgo arqik¸n (ij) kai telik¸n
katastsewn dhl¸nontai w orsmata mèsa sta kanlia allhlepdrash thn opoa pragmatopoioÔn. Sug-
kekrimèna, ta sÔmbola s(p), t(p) kai u(p) dhl¸noun dendrikoÔ epipèdou diagrmata, sta opoa to swmtio
p enallsetai mèsw tou s-, t-   u-diaÔlou. To sÔmbolo , proerqìmeno apì th lèxh ontat, dhl¸nei
diagrmmata sta opoa ta tèssera exwterik pìdia tou brskontai se epaf . Analutik apotelèsmata
gia ti shmantikè suneisforè sth dr¸sa energì diatom  parousizontai stou Pnake 5.4 kai 5.7 kai
sti Ex. (5.90), (5.91) kai (5.95).
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5.5.1 Energì Diatom  Allhlokatastrof 
Pnaka 5.2: Diagrmmata Allhlokatastrof 
Katastsei Kanlia
Arqik  Telik  Allhlepdrash
~~ f

f s(h); s(H); s(A); s(Z)
t(
~
f
1[2℄
); u(
~
f
1[2℄
)
hh; hH; HH s(h); s(H); t(~
0
i
); u(~
0
i
)
AA; ZA s(h); s(H); t(~
0
i
); u(~
0
i
)
hA; HA s(Z); s(A); t(~
0
i
); u(~
0
i
)
W
+
W
 
; H
+
H
 
s(h); s(H); s(Z); t(~

i
); u(~

i
)
H
+
W
 
s(h); s(H); s(A); t(~

i
); u(~

i
)
ZZ s(h); s(H); t(~
0
i
); u(~
0
i
)
Zh; ZH s(A); s(Z); t(~
0
i
); u(~
0
i
)
Oi arqikè ma upojèsei twn Ex. (5.88) kai (5.89) èqoun drastik  epptwsh ston upologismì th
EnergoÔ Diatom  Allhlokatastrof . Kai autì, diìti an den sque h Ex. (5.88) ja èprepe ston upolo-
gismì th EnergoÔ Diatom  Allhlokatastrof  na sumperilhfjoÔn ìla ta kanlia allhlepdrash
pou katagrfontai ston Pnaka 5.2. Sthn exetazìmenh perptwsh, ìmw, mìno ta diagrmmata me
telikè katastsei f

f; H
+
H
 
epizoÔn. Pragmatik, antikajist¸nta ti Ex. (5.88) sti ekfrsei
twn sqetik¸n koruf¸n Feynman apì thn An. [12℄, prokÔptei ìti:
 Oi zeÔxei neutralino-neutralino-higgs[gauge boson℄, ~ ~
0
i
 h;H; A; Z mhdenzontai. Epomènw ìle
oi dunatè allhlepidrsei mèsw tou diaÔlou s apokleontai. To sumpèrasma autì jemeli¸netai
asfalèstera me epklish kai th deÔterh arqik  paradoq  ma sthn Ex. (5.89). Kai autì, diìti
o mikrì paronomast  pou ja proèkupte se antjeth perptwsh, akìma kai me parousa mikr¸n
zeuxèwn ja eqe w apotèlesma thn apìtomh aÔxhsh th energoÔ diatom . Akìma, lìgw tou
mhdenismoÔ twn diwn zeÔxewn, ìla ta diagrmmata me enallag  neutralino sto daulo t   u epsh
apokleontai.
 Oi zeÔxei neutralino-hargino-gauge boson, ~   ~

i
  W

mhdenzontai. Epomènw ìla ta dia-
grmmata me enallag  hargino sto daulo t   u apokleontai ektì apì ta diagrmmata me telik 
katstash H
+
H
 
.
 Oi zeÔxei neutralino-hargino-harge higgs, ~  ~

i
 H

epizoÔn. Ta diagrmmata pou kataskeÔa-
zontai me qr sh th koruf  aut  prokÔptei ìti èqoun meiwmènh suneisfor se sqèsh me aut  pou
prokÔptei apì ta diagrmmata pou baszontai sthn koruf  neutralino-sfermion-fermion. Epiplèon
se peript¸sei barÔ tomèa Higgs (gia mikrè h endimese timè tou tan) ta diagrmmata me telik 
katstash H
+
H
 
enai kinhmatik exairetaa. Sunep¸, den perikleontai ston upologismì.
 Oi zeÔxei neutralino-sfermion-fermion, ~ 
~
f   f enai kurarqe. H despìzousa suneisfor sthn
Energì Diatom  Allhlokatastrof  proèrqetai apì thn enallag  enì sfermion
~
f , mèsw twn t
kai u diaÔlwn pou odhge se telikè katastsei f

f ìpou f kpoio quark   lepton. Apì ìla ta
dunat diagrmmata, aut pou odhgoÔn se quark enai sumpiesmèna se sqèsh me aut pou odhgoÔn
se kpoio lepton lìgw twn barÔterwn maz¸n twn squark stou diadìte kai lìgw tou mikrìterou
uperfortou twn squark, to opoo uy¸netai sthn tetrth dÔnamh ìpw fanetai sthn Ex. (5.90) kai
(5.91).
Sumperasmatik, ta diagrmmata pou perilambnontai ston upologismì ma diamorf¸nontai me arqikè,
telikè katastsei kai kanlia allhlepdrash antstoiqa w ex :
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~
~

+
[e
+
℄

 
[e
+
℄
(b)(a)
~
~

+
[e
+
℄

 
[e
+
℄
~
1[2℄
[~e
R
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Sq ma 5.1: Ta diagrmmata Feynman pou suneisfèroun sthn energì diatom  allhlokatastrof  ~~!
  [ee℄ mèsw twn diaÔlwn allhlepdrash t, (a) kai u, (b)
~~   t(~
1[2℄
); u(~
1[2℄
) kai
~~ ee t(~e
R
); u(~e
R
)
H diagrammatik  morf  aut¸n twn diadikasi¸n fanetai sto Sq. 5.1
H diadiksia exagwg  twn suntelest¸n a kai b tou Ed. 5.4.1 den qreizetai na energopoihje gia
thn perptwsh twn diadikasi¸n allhlokatastrof , giat oi suntelèste auto mporoÔn na exaqjoÔn
apeujea apì to tupolìgio tou parart mato th An. [63℄. Amel¸nta ti mze twn leptonwn th
telik  katstash oi suntelestè a
~~
kai b
~~
th Ex. (5.82) brskontai:
a
~~
=
e
4
2
4
W
s
2


2

Y
2
L
Y
2
R
m
2
~

1

2
 
1

1

2
; (5.90)
b
~~
=
e
4
m
2
~
24
4
1

4
2

4
W
"
2

(2m
4
~
  2m
2
~

1
+
2
1
)
2
2
Y
4
L
+ (1$ 2)
2
1
Y
4
R


4

+ 2(1$ 2)s
4

+

4
2
1

2
2
 
2m
4
~
+
1

2
 m
2
~
(
1
+
2
)

(Y
2
R
+ Y
2
L
) +
 
(
1
  
2
)
2

9
2
1

2
2
  20m
2
~

1

2
(
1
+
2
) + 4m
4
~
(3
2
1
+ 4
1

2
+ 3
2
2
)

Y
2
L
Y
2
R


2

s
2

#
+ 2
e
4
12
4
W
m
2
~
(m
4
~
+m
4
~e
R
)

4
e
; (5.91)
ìpou Y
L(R)
=  1=2( 1) to uperforto tou 
L(R)
, 
1;2
= m
2
~
+ m
2
~
1;2
kai 
e
= m
2
~
+ m
2
~e
R
me m
~e
R
na
enai h koin  mza twn dexiìstrofwn slepton ~e
R
, ~
R
twn elafrìterwn genèwn. Merik sqìlia enai t¸ra
aparathta:
 O suntelest  a
~~
epize mìno sti peript¸sei meglou tan giat enai anlogo tou s
2

, to opoo
mhdenzetai se peript¸sei mikroÔ tan kai sunep¸ elqisth anmixh ~
L
  ~
R
.
 H kÔria suneisfor sto b
~~
proèrqetai apì to pr¸to ìro sthn aggÔlh tou deÔterou mèlou th Ex.
(5.91). Oi lloi ìroi sthn dia agkÔlh ofelontai sthn anmixh ~
L
  ~
R
.
 O teleutao ìro sto dex mèro th Ex. (5.91) paristnei th suneisfor twn dÔo elafrìterwn
gene¸n. Ta dexiìstrofa sleptons jewroÔntai ekfulismèna me mza m
~e
R
. Se peript¸sei meglou
tan oi timè tou m
~e
R
enai kata polÔ megalÔtere apì autè tou m
~
2
kai epomènw oi antstoiqe
suneisforè sto b
~~
enai mikrìtere apì ekene pou proèrqontai apì thn enallag  tou ~
2
. Antjeta
se peript¸sei mikroÔ tan ìle oi epimèrou suneisforè enai parìmoie.
 H suneisfor sto b
~~
apì to digramma me enallag  ~
1
enai mikr , molonìti parousizetai sthn
Ex. (5.91). Brsketai ìti h suneisfor tou enai meiwmènh kat 1=6   1=8 sugkrinìmenh apì th
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Pnaka 5.3: Diagrmmata Suggenik  Katastrof  I
Katastsei Kanlia
Arqik  Telik  Allhlepdrash
~~
2
h; H; Z s(); t(~
1;2
)
A s(); t(~
1
)
 s(); t(~
2
)
~
2
~
2
 t(~); u(~)
~
2
~

2
hh; hH; HH; ZZ s(h); s(H); t(~
1;2
); u(~
1;2
); 
AA s(h); s(H); t(~
1
); u(~
1
); 
hZ; HZ s(Z); t(~
1;2
); u(~
1;2
)
h; H t(~
2
); u(~
2
)
hA; HA s(Z); t(~
1
); u(~
1
)
AZ s(h); s(H); t(~
1
); u(~
1
)
H
+
H
 
; W
+
W
 
s(h); s(H); s(); s(Z); 
H
+
W
 
s(h); s(H)
; Z t(~
2
); u(~
2
); 
t

t; b

b s(h); s(H); s(); s(Z)
  s(h); s(H); s(); s(Z); t(~)
uu; d

d; ee s(); s(Z)
 s(Z)
suneisfor apì kajema apì ti elafrìtere genèe. Autì mpore na katanohje apì thn akìloujh
parat rhsh. Par to gegonì oti h mza sto diadìth autoÔ tou diagrmmato, m
~
1
, den enai polÔ
uyhlìtera apì th m
~e
R
, h kÔria suneisfor th perièqei èna pargonta th morf  
4

Y
4
L
ìpw
fanetai . 'Ena pio eÔqrhsto kai pio sÔntomo tÔpo mpore na lhfje an amelhje h suneisfor
tou diagrmmato me enallag  tou ~
1
pou enai:
b
~
2
;~e
R
~~
=
e
4
12
4
W
m
2
~

4
2

(s
4

Y
4
L
+ 
4

Y
4
R
)(m
4
~
+m
4
~
2
) +
s
2


2

Y
2
L
Y
2
R
2
(m
4
~
+ 9m
4
~
2
  2m
2
~
m
2
~
2
)

+2
e
4
12
4
W
m
2
~
(m
4
~
+m
4
~e
R
)

4
e
: (5.92)
5.5.2 Energè Diatomè Suggenik  Katastrof  Bino-Stau
Se perioqè tou parametrikoÔ q¸rou, ìpou lambnetai tan  15, h anmixh twn ~
L
  ~
R
pazei rìlo
idiaz¸ntw shmantikì, giat tapein¸nei th mza tou elafrìterou apì aut, ~
2
plèon, qamhlìtera apì ta
right sleptons twn dÔo pr¸twn oikogenei¸n, sta opoa h anmixh mpore asfal¸ na amelhje lìgw twn
mikr¸n maz¸n twn antstoiqwn fermionwn. Se tètoie peript¸sei, o mhqanismì th Suggenik  Katas-
trof  energopoietai anmesa sta dÔo, makrn twn llwn, elafrìtera swmtia tou SUSY fsmato.
Epomènw, sthn exswsh Boltzmann h puknìthta arijmoÔ meteq¸ntwn swmatidwn, enai:
n = n
~
+ n
~
2
+ n
~

2
; (5.93)
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Pnaka 5.4: Suneisforè stou Suntelestè a
ij
(ij 6= ~~)
Diadikasa Suneisfor sto Suntelest  a
ij
~~
2
! h e
2
(1  m
2
h
)
2
f2Y
L
Y
R
g
h
[2s



g
h
=(m
~
2
  m
2
h
m
~
)  
2
g
h1
=
( m
2
~
1
+ m
~
( m
~
2
  m
2
h
))℄ + [g
2
h
+ g
2
h
=(m
~
m
2
h
 m
~
2
)
2
℄(s
2

Y
2
L
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2

Y
2
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)
+g
2
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(
2

Y
2
L
+ s
2

Y
2
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)=( m
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1
+ m
~
( m
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2
  m
2
h
))
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  2s



(Y
2
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2
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g
h
g
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~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  m
~
m
2
h
)( m
2
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1
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~
( m
~
2
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2
h
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2
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 e
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Z e
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
M
2
Z
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
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2
Z
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2
Z
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2
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
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~
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2
~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2
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2
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Y
2
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 

M
2
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Z
s



(Y
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
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2

Y
2
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2
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~
( m
~
2
 

M
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(L
2
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2
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2

Y
2
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)(1 +

M
2
Z
  2

M
4
Z
)(1 + ^m
~
)g=32
2
W
M
2
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~
2
~
2
!  e
4
(s
4

Y
4
L
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4

Y
4
R
)m
2
~
=
4
W

2
2
~
2
~

2
!  e
4
=8m
2
~
2
~
2
~

2
! Z  e
2
g
2
~
2
~
2
Z
(
^
M
2
Z
  4)=16m
2
~
2
~
2
~

2
! ZZ (1 
^
M
2
Z
)
1=2
f[(g
2
h
g
2
hZZ
P
1
=( ^m
2
h
  4) + 12g
h
g
hZZ
g
2
~
2
~
2
Z
M
2
Z
^
M
2
Z
)=( ^m
2
h
  4)
 4g
h
g
hZZ
g
2
~
1
~
2
Z
m
2
~
2
(P
4
  ^m
2
~
1
P
1
)=(1 + ^m
2
~
1
 
^
M
2
Z
)( ^m
2
h
  4) + (h$ H)℄
+g
4
~
2
~
2
Z
M
4
Z
P
3
=(
^
M
2
Z
  2)
2
+ 2g
h
g
hZZ
g
H
g
HZZ
P
1
=( ^m
2
h
  4)( ^m
2
H
  4)
 8g
2
~
2
~
2
Z
g
2
~
1
~
2
Z
M
4
Z
[P
5
  3 ^m
2
~
1
(
^
M
2
Z
  2)℄=(1 + ^m
2
~
1
 
^
M
2
Z
)(
^
M
2
Z
  2)
+4g
4
~
1
~
2
Z
m
4
~
2
[ ^m
4
~
1
P
1
+ (1 
^
M
2
Z
)
2
P
2
  2 ^m
2
~
1
P
4
℄=(1 + ^m
2
~
1
 
^
M
2
Z
)
2
g
=64M
4
Z
m
2
~
2
~
2
~

2
!W
+
W
 
(1 
^
M
2
W
)
1=2
(4  4
^
M
2
W
+ 3
^
M
4
W
)[g
h
g
hW
+
W
 
=( ^m
2
h
  4)
+g
H
g
HW
+
W
 
=( ^m
2
H
  4) + g
~
2
~
2
W
+
W
 
m
2
~
2
℄
2
=32M
4
W
m
2
~
2
~
2
~

2
! t

t 3(1  ^m
2
t
)
3=2
[g
h
g
htt
=( ^m
2
h
  4) + g
H
g
Htt
=( ^m
2
H
  4)℄
2
=4m
4
~
2
kai h dr¸sa energì diatom  sthn Ex. (5.24) gia v ' v
ij
, grfetai:

e
= 
~~
r
~
r
~
+ 4
~~
2
r
~
r
~
2
+ 2(
~
2
~
2
+ 
~
2
~

2
)r
~
2
r
~
2
: (5.94)
ìpou ta r
i
dnontai apì thn Ex. (5.26), antikajist¸nta i = ~; ~
2
; ~

2
kai g
i
= 2, 1, 1, antstoiqa.
Profan  epsh enai h arijmhtik  tautopohsh sto jroisma th Ex. (5.24), 1 := ~; 2 := ~
2
; 3 := ~

2
. Oi
pargonta 4, (2) sthn Ex. (5.94) exhgetai apì to gegonì ìti oi pargonte 12, 13, 21, 31 (23, 32) sto
jroisma th Ex. (5.24) enai tautìshmoi.
H posìthta J
e
brsketai apì thn Ex. (5.83) ajrozonta sti ex  omde (ij) = (~~), (~~
2
) kai
(~
2
~
()
2
) me
a
~
2
~
()
2
= a
~
2
~
2
+ a
~
2
~

2
;
b
~
2
~
()
2
= b
~
2
~
2
+ b
~
2
~

2
kai oi posìthte J
a
(ij)
, J
b
(ij)
upologzontai qrhsimopoi¸nta ti Ex. (5.85), (5.84) me ti sqetikè stajerè
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Pnaka 5.5: Ta SÔmbola 
Diadikasa 
h

H

1

2


~
2
~

2
! hh g
h
g
hhh
g
H
g
Hhh
g
2
h1
g
2
h
g
~
2
~
2
hh
~
2
~

2
! hH g
h
g
Hhh
g
H
g
hHH
g
h1
g
H1
g
h
g
H
g
~
2
~
2
hH
~
2
~

2
! HH g
h
g
hHH
g
H
g
HHH
g
2
H1
g
2
H
g
~
2
~
2
HH
~
2
~

2
! AA g
h
g
hAA
g
H
g
HAA
 g
2
A1
0 g
~
2
~
2
AA
~
2
~

2
! H
+
H
 
g
h
g
hH
+
H
 
g
H
g
HH
+
H
 
0 0 g
~
2
~
2
H
+
H
 

(ij)
= 1, 4, 2 gia (ij) = (~~), (~~
2
) kai (~
2
~
()
2
). 'Otan 
~
2
= 0, J
a
(ij)
= 1=4, 1/2, 1/8 antstoiqa.
Ston Pnaka 5.3 perigrfontai ìla ta diagrmata Feynmann pou suneisfèroun sth dr¸sa energì
diatom . Genik, apì ta anagrafìmena diagrmmata, ta paraktw:
~
2
~

2
! h[H ℄A; h[H ℄; h[H ℄Z; AZ; H
 
W
+
; 
prokÔptei ìti èqoun asjenèstath suneisfor sth dr¸sa energì diatom , lìgw ete twn asjen¸n zeÔxewn
ete twn meglwn maz¸n, opìte mporoÔn, ek tou asfaloÔ, na amelhjoÔn apì ton telikì upologismì.
Oi suneisforè apì ti dafore CAE pou katagrfontai ston Pnaka 5.3 stou suntelestè a
ij
kai b
ij
(ij 6= ~~) th Ex.(5.82) upologzontai efarmìzonta th mèjodo pou perigrfhke sto Ed. 5.4.1. Oi mze
twn leptons kai quarks (ektì apì to t-quark) sti telikè katastsei   stou diadìte lambnontai
mhdèn. Antijètw, oi b kai  zeÔxei Yukawa den agnooÔntai giat, sti peript¸sei meglou tan,
h epdras  tou prokÔptei na enai polÔ shmantik . Oi kurarqe suneisforè sthn J
e
th Ex.(5.83)
proèrqontai apì tou suntelestè a
ij
sthn perptwsh th CAE.
Ston Pnaka 5.4 ektjentai merikè apì ti diadikase pou suneisfèroun sta a
ij
(ij 6= ~~) maz me
ti analutikè tou ekfrsei gia autè tou ti suneisforè. Ta sÔmbola ^ [℄ pnw apì mia posìthta
dhl¸noun ìti aut  h posìthta metriètai se monde th mza m
~
2
[ m
~
+m
~
2
℄. Ta sÔmbola 

; s

enai
ta stoiqea tou pnaka diagwnopoie ton pnaka maz¸n twn stau kai orzontai sthn Ex. (2.67). Epsh,
P
1(2)
= 3
^
M
4
Z
  (+)4
^
M
2
Z
+ 4 ; P
3
= 3
^
M
4
Z
  8
^
M
2
Z
+ 8 ;
P
4
= 3
^
M
6
Z
  3
^
M
4
Z
  4
^
M
2
Z
+ 4 ; P
5
= 3
^
M
4
Z
  5
^
M
2
Z
+ 2 :
H suneisfor apì th diadikasa ~~
2
! H (  A) sto suntelest  a
~~
2
lambnetai apì thn èkfrash
gia ~~
2
! h ston Pnaka 5.4, antikajist¸nta h me H (  A kai os 2 me 1). Gia th suneisfor sth
a
~
2
~

2
apì kjema apì ti pènte diadikase me dÔo higgs sthn telik  katstash (ston Pnaka 5.3), èna
genikeumèno tÔpo mpore na doje:
a
~
2
~

2
!H
p
H
q
= (
1
2
)
1
128m
6
~
2
(4  ( ^m
H
p
  ^m
H
q
)
2
)
1=2
(4  ( ^m
H
p
+ ^m
H
q
)
2
)
1=2
 

h
4  ^m
2
h
+

H
4  ^m
2
H
+
4
1
^m
2
H
p
+ ^m
2
H
q
  2 ^m
2
~
1
  2
+
4
2
^m
2
H
p
+ ^m
2
H
q
  4
  

m
2
~
2
!
2
; (5.95)
ìpou taH
p
, H
q
dhl¸noun ta h, H , A, H
+
, H
 
, o pargonta 1=2 paramènei mìno ìtan uprqoun tautotik
swmtia sthn telik  katstash kai ta sÔmbola 
h
, 
H
, 
1
, 
2
, 

antistoiqoÔn se diagrmmata enallag 
s(h), s(H), t(~
1;2
) (  u(~
1;2
)),  ston Pnaka 5.3 kai dnontai ston Pnaka 5.5.
Ta emfanizìmena sÔmbola g stou Pnake 5.4 kai 5.5 antistoiqoÔn se diforou kìmbou allh-
lepdrash me ta allhlepidr¸nta swmtia dhlwmèna w dekte. Oi ekfrsei tou dnontai sto Ed.
Bþ.3.2 tou Parart mato Bþ, ìpou ektjentai se diagrammatik  morf  kai oi qrhsimopoioÔmenoi kanìne
Feynman.
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Pnaka 5.6: Diagrmmata Suggenik  Katastrof  II
Katastsei Kanlia
Arqik  Telik  Allhlepdrash
~~e
R
eh; eH; eZ s(e); t(~e
R
)
e s(e); t(~e
R
)
~e
R
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R
ee t(~); u(~)
~e
R
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R
hh; hH; HH; ZZ s(h); s(H); t(~e
R
); u(~e
R
); 
hZ; HZ s(Z); t(~e
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R
)
h; H t(~e
R
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R
)
H
+
H
 
s(h); s(H); s(); s(Z); 
W
+
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 
s(h); s(H); s(); s(Z)
H
+
W
 
s(h); s(H)
; Z t(~e
R
); u(~e
R
); 
t

t; b

b s(h); s(H); s(); s(Z)
  s(h); s(H); s(); s(Z); t(~)
uu; d

d; ee s(); s(Z)
 s(Z)
~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~e
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~e

R
 e t(~)
~e
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~
R
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R
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
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Den dnontai oi analutikè ekfrsei twn suneisfor¸n sto suntelest  a
~
2
~

2
apì ti diadikase me b

b
kai   sti telikè katastsei epeid  enai polÔ mikrè. EntoÔtoi, sumperilambnontai sto arijmhtikì
prìgramma. Axioshmeiwto enai ìti oi suneisforè apì ti diadikase me telikè katastsei uu, d

d kai
ee sto suntelest  a
~
2
~

2
mhdenzontai. Oi diadikase autè suneisfèroun mìno sto suntelest  b
~
2
~

2
.
Epsh, gia tou suntelestè b
ij
(ij 6= ~~), oi opooi sumperilambnontai sto arijmhtikì prìgramma, den
parèqontai analutikè ekfrsei giat oi suneisforè tou sthn J
e
enai, genik, amelhtae.
5.5.3 Energè Diatomè Suggenik  Katastrof  Bino-Stau-Seletron
Se perioqè tou parametrikoÔ q¸rou, ìpou lambnetai tan  15, fainìmena Suggenik  Katastrof 
me ta sleptons twn elafr¸n oikogenei¸n ~e
R
; ~e

R
; ~
R
; ~

R
knoun thn emfnis  tou kai gnontai piì
aisjht ìso mei¸netai h tim  th tan. Kai autì, diìti h mxh twn ~
1
  ~
2
gnetai asjenèsterh kai den
enai ikan  na elatt¸sei th mza tou ~
2
arkoÔntw, ¸ste na brsketai se apìstash apì ta down sleptons
twn pr¸twn oikogenei¸n, h opoa na exasfalzei ìti aut den summetèqoun sto mhqanismì th Suggenik 
Katastrof . Epomènw, sthn exswsh Boltzmann h puknìthta arijmoÔ meteq¸ntwn swmatidwn, enai:
n = n
~
+ n
~
2
+ n
~

2
+ n
~e
R
+ n
~
R
+ n
~e

R
+ n
~

R
;
kai h dr¸sa energì diatom  sthn Ex. (5.24) gia v ' v
ij
, grfetai:

e
= 
~~
r
~
r
~
+ 4
~~
2
r
~
r
~
2
+ 2 4
~~e
R
r
~
r
~e
R
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+ 2(
~
2
~
2
+ 
~
2
~

2
)r
~
2
r
~
2
+ 2 2(
~e
R
~e
R
+ 
~e
R
~e

R
)r
~e
R
r
~e
R
+ 2 2 2(
~
2
~e
R
+ 
~
2
~e

R
)r
~
2
r
~e
R
+ 2 2(
~e
R
~
R
+ 
~e
R
~

R
)r
~e
R
r
~e
R
: (5.96)
ìpou ta r
i
dnontai apì thn Ex. 5.26, antikajist¸nta i = ~; ~
2
; ~

2
; ~e
R
; ~e

R
; ~
R
; ~

R
kai g
i
= 2, 1, 1, 1, 1, 1,
1 antstoiqa. Oi epiplèon pargonte 2 pou tjentai sthn prohgoÔmenh ofelontai ston ekfulismì twn
dÔo pr¸twn genèwn.
H posìthta J
e
brsketai apì thn Ex. (5.83) ajrozonta sti ex  omde (ij) = (~~), (~
~
l) kai (
~
l
~
l
()
)
me
a
~
~
l
= a
~~
2
+ a
~~e
R
a
~
l
~
l
()
= a
~
2
~
2
+ a
~
2
~

2
+ a
~e
R
~e
R
+ a
~e
R
~e

R
+ a
~
2
~e
R
+ a
~
2
~e

R
+ a
~e
R
~
R
a
~e
R
~

R
kai antstoiqa
b
~
~
l
= b
~~
2
+ b
~~e
R
b
~
l
~
l
()
= b
~
2
~
2
+ b
~
2
~

2
+ b
~e
R
~e
R
+ b
~e
R
~e

R
+ b
~
2
~e
R
+ b
~
2
~e

R
+ b
~e
R
~
R
b
~e
R
~

R
Oi posìthte J
a
(ij)
, J
b
(ij)
upologzontai qrhsimopoi¸nta ti Ex. (5.85), (5.84) me ti sqetikè stajerè

(ij)
= 1, 4, 2 gia (ij) = (~~), (~
~
l) kai (
~
l
~
l
()
).
Ta diagrmmata Feynmann pou perilambnontai ston upologismì gia ti energè diatomè me arqikè
katastsei:
 ~~; ~~
2
; ~
2
~
2
; ~
2
~

2
anagrfontai ston Pnaka 5.3.
 ~~e
R
; ~e
R
~e
R
; ~e
R
~e

R
lambnontai apì ta prohgoÔmena knonta ti antikatstasei ~
2
! ~e
R
;  ! e
kai amel¸nta thn enallag  tou ~
1
sti antstoiqe diadikase.
 ~
2
~e
R
; ~
2
~e

R
; ~e
R
~
R
; ~e
R
~

R
kai telikè e;  e; e; e antstoiqa, pragmatopoioÔntai mèsw mia ~
enallag  sto t-kanli.
Ta epiplèon diagrmmata anagrfontai ston Pnaka 5.6. Lìgw twn epiprìsjetwn aut¸n diagrammtwn,
prokÔptoun kai epiplèon suneisforè stou suntelestè a
ij
. Eidikìtera, oi suneisforè apì diadikase
me arqikè katastsei:
 ~~
2
; ~
2
~
2
; ~
2
~

2
anagrfontai ston Pnaka 5.4.
 ~~e
R
; ~e
R
~e
R
; ~e
R
~e

R
lambnontai knonta thn antikatstash ~
2
! ~e
R
kai amel¸nta th mxh twn staus
kai th mza tou  sto tupolìgio tou Pnaka 5.4 kai sta emfanizìmena eke g sÔmbola. Dhlad ,
prèpei 

= 1; s

= 0; m

= 0 stou tÔpou tou Pnaka 5.4 kai tou Ed. Bþ.3.2.
 ~
2
~e
R
; ~
2
~e

R
; ~e
R
~
R
; ~e
R
~

R
anagrfontai ston paraktw Pnaka:
Pnaka 5.7: Suneisforè stou Suntelestè a
ij
Diadikasa Suneisfor sto Suntelest  a
ij
~
2
~e
R
! e e
4
Y
4
R

2

m
2
~
(m
~e
R
+m
~
2
)
2
=
8
4
W
m
~e
R
m
~
2
(m
2
~
+m
~e
R
m
~
2
)
~
2
~e

R
!  e e
4
Y
2
L
Y
2
R
s
2

m
2
~
(m
~e
R
+m
~
2
)
2
=
8
4
W
m
~e
R
m
~
2
(m
2
~
+m
~e
R
m
~
2
)
~e
R
~
R
! e e
4
Y
4
R
m
2
~
=2
4
W

2
e
~e
R
~

R
! e e
4
Y
4
R
m
2
~e
R
=12
4
W

2
e
ìpou 
e
= m
2
~
+m
2
~e
R
me m
~e
R
na enai h koin  mza twn dexiìstrofwn sleptons ~e
R
, ~
R
twn pr¸twn
gene¸n kai Y
L(R)
=  1=2( 1) to uperforto twn aristerìstrofwn kai dexiìstrofwn leptonwn.
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5.5.4 SÔgkrish Apotelesmtwn
Ta apotelèsmata pou parousisthkan sta Ed. 5.5.2 kai 5.5.3 pro ljan apì endeleq  melèth kai ax-
iopohsh tou parart mato th An. [64℄. Sugkrnonta ta apotelèsmata aut, me ta antstoiqa th
An. [64℄, mporoÔn na epishmanjoÔn ta akìlouja:
a. Ousi¸dh diafor th anlus  ma me aut  th An. [64℄ enai ìti sumperilambnetai h anmixh
twn ~
1
  ~
2
pou enote (gia tan  15) sumbanei na enai polÔ shmantik . Bebaw, h anmixh twn
elafrìterwn oikogenei¸n ameletai kai sti dÔo proseggisei. Lìgw th anmixh twn ~
1
  ~
2
o
upologismì ma (se antjesh me autìn th An. [64℄) sumperilambnei:
 Nèou daulou allhlepdrash me enallag  tou ~
1
swmatou sti perissìtere apì ti jew-
roÔmene diadikase, oi opooi pragmatopoioÔntai mèsw twn antstoiqwn g sumbìlwn (g
~
1
~
2
Z
,
g
h[H℄1
, g
A1
).
 To digramma epaf  () sth diadikasa ~
2
~

2
!W
+
W
 
mèsw tou sumbìlou g
~
2
~
2
W
+
W
 
.
 'Orou anlogou twn 

, s

se difora g sÔmbola (g
h[H℄
, g
~
2
~
2
Z
, g
~
2
~
2
hh[HH℄
, g
~
2
~
2
hH
, g
~
2
~
2
AA
,
g
~
2
~
2
H
+
H
 
).
b. Lìgw twn enote (tan  15) uyhl¸n zeÔxewn Yukawa o upologismì ma (se antjesh me autìn
th An. [64℄ ) sumperilambnei:
 SÔmbola g anloga twn maz¸n twn fermionwn th trth gene, m

, m
t
, (g
A1
, g
h[H℄
, g
A
).
 'Orou anlogou twn maz¸n twn fermionwn th trth gene, se kpoia lla g sÔmbola
(g
h[H℄1
, g
h[H℄
, g
~
2
~
2
hh[HH℄
, g
~
2
~
2
hH
, g
~
2
~
2
AA
, g
~
2
~
2
H
+
H
 
).
 To daulo allhlepdrash s() sti diadikase ~~
2
! A, h kai H .
 Tou daulou allhlepdrash s(h), s(H) sti diadikase ~
2
~

2
! b

b kai   .
g. Tupografik lajh kai paral yei sto parrthma th An. [64℄ eqoun prosektik epishmanje kai
den sumperilambnontai sto tupolìgio pou parousisthke kai sto arijmhtikì programma pou efar-
mìzetai. Endeiktik (qrhsimopoi¸nta kai to sumbolismì tou enlìgw parart mato) anafèretai ìti
sti diadikase:
 ~ ~

!   ; f

f; t

t o deÔtero pollaplasiastikì pargonta sta sÔmbola f
3
kai f
3d
pou
anadÔetai apì th zeÔxh Z- fermion-fermion prèpei na diajètei ston paronomast  ton ìro
4 os 
W
kai ìqi ton anagrafìmeno 4 os
2

W
ìpw epibebai¸netai kai sthn Ex. (C.62) th
An. [13℄.
 ~ ~

! hH den sumperilambnetai to u-kanli qwr autì na ofeletai sthn mh je¸rhsh th
anmixh ~
1
  ~
2
.
 ~ ~

! hh o pr¸to pollaplasiastikì pargonta sto sÔmbolo f
2
, pou antistoiqe sto oikeo
sÔmbolo g
H
prèpei na perièqei os( + ) kai ìqi sin( + ).
 ~ ~

! HH; H
+
H
 
o pr¸to pollaplasiastikì pargonta sto sÔmbolo f
1
, pou antistoiqe
sto oikeo sÔmbolo g
H
prèpei na perièqei os( + ) kai ìqi sin( + ) kai na proshmanje
antijètw.
 ~ ~

! HH; H
+
H
 
o pr¸to pollaplasiastikì pargonta sto sÔmbolo f
2
, pou antistoiqe
sto oikeo sÔmbolo g
h
prèpei na proshmanje antijètw.
 ~ ! ; h[H ℄; Z diajètoun thn average twn arqik¸n spin gia to  en¸ h ~ ~

! 
de diajètei ton pargonta 1/2 pou prèpei na sumperilhfje lìgw twn tautotik¸n telik¸n
katastsewn.
Sumperasmatik, o upologismì pou parousasthke sta dÔo prohgoÔmena edfia èqei pollapl¸
elegqje kai pisteÔetai ìti parèqei axiìpista apotelèsmata gia ìle ti dunatè timè th paramètrou
tan kai gia LSP morf  bino, bebaw.
Keflaio 6
MSSM me enopohsh Yukawa
6.1 Eisagwg 
Apì thn plhj¸ra ekdìsewn tou MSSM, epilègetai kai melettai ma pou proèrqetai apì th suzeÔxh th
SUSY me ma omda meglh Enopohsh, pou problèpei enopohsh twn zeÔxewn Bajmda kai Yukawa.
Mia sÔntomh aitiolìghsh th epilog  ma aut  gnetai sto Ed. 6.2 kai èpontai oi arijmhtikè efarmogè.
Sto Ed. 6.3 katadeiknÔetai h proioÔsa enopohsh kai sta Ed. 6.4 kai 6.5 melet¸ntai ta parametrik kai
fainomenologik qarakthristik tou protÔpou. Akolouje h efarmog  tou sto prìblhma th Skotein 
'Ulh, sto Ed. 6.6. Sugkentrwtik, ta sumpersmata th melèth tou protÔpou autoÔ, pou proèrqontai
apì ta arijmhtik eur mata twn An. [44℄ kai [72℄, katagrfontai sto Ed. 6.7. Sto teleutao Ed. 6.8 gnetai
mia diereÔnhsh twn dunatot twn pou dianogontai an h apathsh th enopohsh Yukawa egkataleifje.
6.2 SUSY-GUT me enopohsh Yukawa
Mia aitiolìghsh th epilog  melèth enì SUSY-GUT me Meglh omda summetra G thn SO(10)  
thn E
6
epiqeiretai paraktw. SÔmfwna me ti An. [65℄, [66℄ kai [67℄ se tètoia prìtupa :
 Kai oi trei allhlepidrsei tou SM enopoioÔntai me mia apl  omda Lie. Epiplèon, h SUSY lÔnei
to prìblhma th ierarqa anmesa sthn EWS kai sthn GUT klmaka enèrgeia.
 Ta 15 fermiìnia kje genèa tou SM sun èna dexiìstrofo netrno dieujetoÔntai oikonomik sthn
16-diastsewn spinoriak  anaparstash th SO(10). Parenjetka epishmanetai ìti h qr sh tou
ìrou SO(10) gnetai kataqrhstik kai anafèretai sthn kalÔptousa (overing) omda th SO(10),
thn spin(10) omda pou diajètei th spinoriak  anaparstash.
 To singlet netrno supereld(s)
^
N

mpore na anaptÔxei mia Majorana mza se polÔ megle
enèrgeie  10
11
  10
16
GeV. Sunduzonta aut  me th sunhjismènh Dira mza pou mpore na
anaptÔxei to netrno, odhgetai kane se mze gia ta aristerìstrofa netrno th txh twn eV,
en¸ ta dexiìstrofa netrno paramènoun aparat rhta, mèsw tou mhqanismoÔ th trampla see-saw.
Oi lambanìmene mze gia ta netrno mporoÔn eÔkola na brejoÔn se sumfwna me ta dedomèna apì
ta peirmata gia ta hliak kai atmosfairik netrno.
 Uprqei mìno ma zeÔxh Yukawa an gene opìte problèpetai enopohsh Yukawa se GUT klmaka
enèrgeia. Eidik autì afor thn trth gene, all mpore na epektaje kai sti elafrìtere geneè.
 H parmetro tan den enai eleÔjerh, den eisgetai aujairètw sto arijmhtikì prìgramma pro-
somowsh, all prosdiorzetai apì thn apathsh th enopohsh Yukawa. Epomènw, ta prìtupa
aut èqoun to pronìmio mia ligìterh anexrthth metablht .
 H diat rhsh th R-parity enai mia fusik  sunèpeia th summetra bajmda tou protÔpou sÔmfwna
me thn An. [68℄. 'Otan h SO(10) spei, mèsw mia orismènh anaparstash twn pedwn Higgs, h
R-parity paramènei diathr simh akìma kai sthn hlektrasjen  klmaka enèrgeia.
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 H baruogènesh sto pr¸imo SÔmpan mpore na exhghje w sunèpeia twn diaspsewn twn dex-
iìstrof¸n netrnwn pou èqoun drapeteÔsei apì th JDI tou kosmikoÔ reustoÔ.
Sumperasmatik, ta prìtupa SUSY-GUT me enopohsh Yukawa èqoun auxhmènh probleyimìthta kai
isqurì kajorismì. Sthn melèth pou ja akoloÔj sei gnontai oi akìlouje upojèsei:
 'Ena prìtupo SUSY GUT me ma zeÔxh Yukawa ana gene enai isqurì se klmaka enèrgeia M >
M
G
.
 H omda summetra G katarrèei mèsw kpoiou mhqanismoÔ sthn omda tou MSSM se klmaka
enèrgeia M =M
G
. Upotjetai pagkosmiìthta twn SBT, ìpw ja exhghje sto Ed. 6.4.
 H hlektrasjen  summetra katarrèei mèsw kbantik¸n diorj¸sewn se klmaka enèrgeiaM =M
S
.
Me ti upojèsei autè, to fsma th jewra kai oi fainomenologikè kai kosmologikè parmetre tou
protÔpou melet¸ntai sth sunèqeia tou kefalaou.
6.3 Enopohsh zeÔxewn Bajmda kai Yukawa
Kpoia qarakthristik tou arijmhtikoÔ prìgrmmato pou qrhsimopoietai gia thn ulopohsh th enopo-
hsh twn zeÔxewn Bajmda kai Yukawa dnontai antstoiqa sta Ed. 6.3.1, 6.3.2.
6.3.1 Enopohsh zeÔxewn Bajmda
Ma apì ti shmantikè epituqe th upersummetra enai h epteuxh pio akriboÔ enopohsh twn zeÔxewn
Bajmda, apì aut n pou to mh upersummetrikì SM epitÔgqane. Uprqei, dhlad , shmeo stì opoo oi
zeÔxei Bajmda twn isqur¸n, asjen¸n kai hlektromagnhtik¸n enopoioÔntai me polÔ kal  akrbeia kaj¸
exelssontai me ti exis¸sei epanakanonikopohsh (: RGE) apì klmaka qamhl  enèrgeia se klmaka
uyhlìterh energeia. To shmeo autì kajorzetai apì thn tim  th enèrgeia tou, M
G
kai thn tim  th
(enopoihmènh) zeÔxh, g
G
.
Praktik, sto arijmhtikì prìgramma pou kataskeusthke, oi RGE trèqoun apì klmaka uyhl 
enèrgeia me arqikè sunj ke upojetikè:
g
1
(M
G
) = g
2
(M
G
) = g
3
(M
G
) := g
G
: (6.1)
ìpou oi stajerè zeÔxh sqetzontai me ti antstoiqe pou parousisthkan sto Keflaio 2 w ex :
g
0
(t) =
r
3
5
g
1
(t); g(t) = g
2
(t) g
3
(t) = g
3
(t) ìpou t = lnM (6.2)
apì ti opoe upologzontai oi antstoiqe stajerè lept  uf :

i
(t) =
g
2
i
(t)
4
ìpou i = 1; 2; 3 (6.3)
me M , thn klmaka enèrgeia pou enai kai h anexrthth metablht  sti RGE.
Oi RGE tou MSSM se eppedo 2 brìqwn exelssontai apì thn klmaka enopohsh, M
G
mèqri mia
endimesh klmaka M
S
sugkrsimh me thn pronomiak  pou èqei oriste sthn Ex. (3.1) kai sth sunèqeia,
dnoun th jèsh tou sti RGE tou SM se eppedo 2 brìqwn pou suneqzoun thn exèlixh mèqri thn klmaka
M
Z
. Se aut  thn klmaka upologzontai oi epmaqe posìthte
s
2
W
(M
Z
) =
3
1
(M
Z
)=5
3
1
(M
Z
)=5 + 
2
(M
Z
)
; 
em
(M
Z
) = 
2
(M
Z
)s
2
W
(M
Z
); 
S
(M
Z
) = 
3
(M
Z
) (6.4)
qrhsimopoi¸nta ti Ex. (2.20). Epidi¸konta na epitugqnontai sthn enèrgeiaM
Z
oi peiramatikè timè:

em
(M
Z
) ' 1=128; s
2
W
(M
Z
) ' 0:232; (6.5)

S
(M
Z
) ' 0:12; ìpou M
Z
' 91:18GeV; (6.6)
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Sq ma 6.1: H exèlixh twn zeÔxewn Bajmda gia M
S
= 1 TeV:
kajorzetai h klmaka GUT, M
G
 1:5 10
16
GeV kai h tim  th enopoihmènh zeÔxh 
G
 1=25:2.
Oi qrhsimopoioÔmene RGE sto arijmhtikì prìgramma dnontai sto Ed. Aþ.2. Stìqo tou progrmma-
to den enai h ektèlesh elègqou akribea th enopohsh, all h qrhsimopohsh twn apotelesmtwn gia
thn diereÔnhsh fainomenologik¸n kai kosmologik¸n sunepei¸n tou MSSM. Merik endeiktik apotelès-
mata twn epidìsewn ma parousizontai ston Pnaka 6.1, en¸ mia antiproswpeutik  eikìna enopohsh
dnetai sto Sq. 6.1.
6.3.2 Enopohsh zeÔxewn Yukawa
EnopohshYukawa shmanei ìti oi asumptwtikè timè (sthn klmakaM
G
) twn zeÔxewn Yukawa lambnoun
t n dia tim , h
0
. Sumbolik:
h
t
(M
G
) = h
b
(M
G
) = h

(M
G
) := h
0
: (6.7)
Oi qrhsimopoioÔmene sto arijmhtikì prìgramma RGE tou MSSM se eppedo 2 brìqwn dnontai sto
Ed. Aþ.2. Oi RGE tou SM, ìmw qrhsimopoioÔntai se eppedo 1 brìqou. O prosdiorismì th apaitoÔ-
menh arqik  sunj kh h
0
gnetai w ex :
 Dnetai arqik mia dokimastik  timh 0 < h
0
< 1
 Me thn tim  aut  w arqik  sunj kh to prìgramma rèei w to M
S
lÔnonta ti RGE tou MSSM
kai sth sunèqeia mèqri to M
Z
lÔnonta ti RGE tou SM.
 Eisgonta sto M
S
, th mza m

(M
S
) = 1:78 GeV, lambnetai mia tim  gia thn  mèsw th Ex.
(2.59), èqonta dedomèno apì thn exèlixh twn RGE to h

(M
S
).
 Me thn tim  aut  th  prosdiorzetai h mza m
t
(m
t
) mèsw th Ex. (2.59), qrhsimopoi¸nta mia
epanalhptik  sunj kh sto prìgramma pou ja exasfalzei thn tautìthta sunrthsh kai orsmato.
 An to exag¸meno gia th mza m
t
(m
t
) enai mèsa sta ìria th Ex. (3.21) h diadikasa stamat,
eidllw epanalambnetai.
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Pnaka 6.1: Enopohsh zeÔxewn Bajmda kai Yukawa
sign  1  1  1 +1
M
S
(GeV) 850 1130 1380 2550
Metablhtè Eisìdou
M
G
(10
16
GeV) 1:55 1:394 1:123 8:92

 1
G
25:13 25:23 25:28 25:61
h
G
:0668 :660 :658 :65
m

(M
S
) (GeV) 1:99 2:01 2:018 1:76
Metablhtè Exìdou

3
(M
Z
) :1203 :1208 :1207 :12059
s
2
W
(M
Z
) :23106 :2307 :2308 :230

 1
em
(M
Z
) 128:016 127:7 127:12 126:69
tan 46:28 45:96 45:89 52:8
m
t
(m
t
) (GeV) 166:006 166:026 166:038 166:006
m

b
(M
Z
) (GeV) 4:42 4:42 4:40 2:38
m


(M
Z
) (GeV) 1:743 1:744 1:742 1:741
H diadikasa mpore na beltiwje an sumperilhfjoÔn oi diorj¸sei sto m

me bsh to tupolìgio tou
Ed. 3.3.3. 'Opote h mza pou ja teje se klmakaM
S
den ja enai 1:78GeV all tìsh ìsh qreizetai, ¸ste
met thn prosj kh twn diorj¸sewn apì thn Ex. (3.23) na gnetai sh me thn peiramatik problepìmenh
tim  th Ex. (3.24). Sunakìlouja metablletai kai h tim  pou epitugqnetai gia thn tan, afoÔ oi
diorj¸sei th (3.23) èqoun to prìshmo tou . Sugkekrimèna:
 'Otan  < 0, lambnetai 46:3  tan  45
 'Otan  > 0, lambnetai 53:5  tan  51:7
kaj¸ tom
A
metablletai sto disthma 100GeV  m
A
 700GeV. Qwr thn eisagwg  twn diorj¸sewn
tou  , kai sti dÔo prohgoÔmene peript¸sei lambnetai: tan ' 52. Paradegmata ulopohsh twn
ide¸n aut¸n katagrfontai ston Pnaka 6.1 ìpou ektjentai merik apì ta eisagìmena kai ta exagìmena
tou arijmhtikoÔ progrmmato. Merik apì ta fsmata pou qrhsimopoi jhkan gia ton upologismì twn
m

b
(M
Z
) kai m


(M
Z
) parèqontai ston Pnaka 6.4 me shmeo anafor thn tim  th tan kai to sign.
Mia antiproswpeutik  eikìna enopohsh twn zeÔxewn Yukawa dnetai sto Sq. 6.2 me M
S
= 1 TeV
To pleonèkthma aut  th prosèggish enai ìti h parmetro tan enai apotèlesma th asumptwtik 
sunj kh pou ikanopoioÔn oi zeÔxei Yukawa kai ìqi mia eleÔjerh parmetro tou probl mato. Meionèk-
thma enai oti uprqei prìbleyh gia th mza tou b quark, h opoa kata kanona exwjetai kont sta an¸tera
peiramatik th ìria th Ex. (3.18). Gia to jèma autì ja gnei diexodik  analush sto Ed. 6.5.1.
6.4 Parametrik  melèth
'Opw fnhke apì to Ed. 6.3, h apathsh th enopohsh twn zeÔxewn bajmda kai Yukawa sunepikouroÔ-
menh apì ta peiramatik dedomèna gia ta 
em
(M
Z
); s
2
W
kai ti mze twn fermionwn t,  , prosdiorzei
pl rw thn exèlixh tou pr¸tou sunìlou twn RGE. To deÔtero sÔnolo twn RGE elègqei thn exèlixh twn
SBT. Oi qrhsimopoioÔmene sto arijmhtikì prìgramma RGE tou MSSM se eppedo enì brìqou dnontai
sto Ed. Aþ.3. QrhsimopoioÔntai pagkìsmie (universal) arqikè sunj ke kai dh:
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Sq ma 6.2: H exèlixh twn zeÔxewn Yukawa gia M
S
= 1 TeV:
 Mia koin  mza gia ta gaugino, M
1=2
. Sugkekrimèna,
M
1
(M
G
) =M
2
(M
G
) =M
3
(M
G
) =M
1=2
: (6.8)
 Mia koin  mza gia ta bajmwt peda, m
0
. Sugkekrimèna, oi asumptwtikè sunj ke:
{ Gia ti bariè geneè, enai:
m
L
L
(M
G
) = m
Q
L
(M
G
) = m

R
(M
G
) = m
t
R
(M
G
) = m
b
R
(M
G
) = m
0
: (6.9)
{ Gia ti elafrè geneè, enai:
m
l
L
(M
G
) = m
q
L
(M
G
) = m
e
R
(M
G
) = m
u
R
(M
G
) = m
d
R
(M
G
) = m
0
: (6.10)
{ Gia ta Higgs, enai:
m
H
(M
G
) = m

H
(M
G
) = m
0
: (6.11)
 Mia koin  trigrammik  zeÔxh, A
0
. Gia ti bariè geneè, oi asumptwtikè sunj ke enai:
A
t
(M
G
) = A
b
(M
G
) = A

(M
G
) = A
0
: (6.12)
Gia ti elafrè geneè, oi asumptwtikè sunj ke enai profan¸ parìmoie, all sthn prosèggish
pou efarmìzetai, me ta fermiìnia twn elafr¸n oikogenei¸n na jewroÔntai maza, h exèlixh twn
trigrammik¸n zeÔxewn twn elafr¸n gene¸n kajstatai qrhsth.
H lÔsh twn diaforik¸n exis¸sewn gnetai arijmhtik me qr sh th Mathematia (An. [69℄). H olok-
l rwsh tou sust mato twn exis¸sewn aut¸n gnetai apì klmaka enèrgeia M
G
mèqri M
S
. Se aut  thn
klmaka enèrgeia brsketai h parmetro  qrhsimopoi¸nta thn Ex. (2.45) sta plasia th prosèggish
tou tree-level renormalization group improved eetive potential sÔmfwna me ta anaferìmena sto Ed.
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Sq ma 6.3: Oi asumptwtikè timè twn asjen¸n maz¸n gia 
NLSP
= 0;m
A
=M
Z
kai M
S
= 1 TeV.
3.2.1. AkoloÔjw, upologzetai to SUSY fsma th jewra se klmaka enèrgeia M
S
akolouj¸nta
to tupolìgio tou Ed. 2.5. To LSP th jewra prokÔptei ìti enai morf  bino me kajarìthta 98% en¸
to NLSP enai to elafrìtero stau morf  dexiìstrofh. Lìgw th uyhl  tim  th paramètrou tan
oi IDT twn llwn sfermions enai shmantik uyhlìtera apì ti mze twn prohgoÔmenwn dÔo swmatwn.
Met ton upolìgismì tou fsmato gnetai mia sÔgkrish th dokimastik  tim  tou M
S
pou epilègei
me aut  th Ex. (3.1), opìte h ìlh diadikasa epanalambnetai mèqri thn epteuxh enì autosunepoÔ
apotelèsmato. Sun jw, autì sumbanei met dÔo   trei epanal yei.
H epexergasa kai h parousash twn apìtelesmtwn se autì to prokatarktikì stdio tou upologismoÔ
dnontai sta Ed. 6.4.1 kai 6.4.2.
6.4.1 Metjesh paramètrwn
Oi arqik eleÔjere parmetroi tou protÔpou enai:
m
0
; M
1=2
; A
0
; sign :
Tijètai A
0
= 0. H epilog  aut  enai sgoura aujareth, bohjei ìmw, ston kalÔtero prosdiorismì tou
protÔpou apallsont to apì mia parmetro. Ta apotelèsmata den ephrezontai krsima apì aut  thn
epilog , parìti oi zeÔxei autè upeisèrqontai ston upolìgismo arket¸n g-sumbìlwn.
Sthn An. [20℄, epishmanetai ìti mpore na jemeliwje arijmhtik mia sqèsh anmesa sti parmetre
m
A
, m
0
kai M
1=2
. Pragmatik, basizìmenoi se teqnke Fit apodeiknÔoume th sqèsh aut :
m
2
A
' 
M
M
2
1=2
+ 
m
m
2
0
 M
2
Z
; (6.13)
me suntelèste 
M
 0:1 kai 
m
  0:1, kajorizìmenou apì to arijmhtikì prìgramma gia kje tim 
twn m
t
(m
t
); M
S
. H exagwg  th prohgoÔmenh polÔ qr simh sqèsh gnetai w ex :
 Me stajèroM
1=2
=M

brsketai èna sÔnolo tim¸n, m
2
A
 m
2
0
, pou ikanopoioÔn thn grammik  sqèsh
m
2
A
' 
m
m
2
0
+ st
m
(6.14)
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Sq ma 6.4: Oi asumptwtikè timè twn asjen¸n maz¸n, M
1=2
kai m
0
, w sunart sei th m
A
gia

NLSP
= 0:2 (suneq  gramm ) kai 0:8 (diakekomènh gramm ) me M
S
= 1 TeV kai  < 0.
 Me stajèro m
0
= m

brsketai èna sÔnolo tim¸n, m
2
A
 M
2
1=2
, pou ikanopoioÔn thn grammik  sqèsh
m
2
A
' 
M
M
2
1=2
+ st
M
(6.15)
 Profan¸, an isqÔei ma sqèsh th morf 
m
2
A
' 
m
m
2
0
+ 
M
M
2
1=2
+ st ; (6.16)
prèpei na isqÔoun tautìqrona oi sqèsei
8
<
:
st
M
= 
m
m
2

+ st
st
m
= 
M
M
2

+ st
EpalhjeÔetai pollapl¸ ìti st '  M
2
Z
. To gegonì autì mpore na exhghje apì th Ex. (2.51)
orismoÔ tou m
A
an se aut  antikatastaje to  apì thn Ex. (2.45). ProkÔptei autì o ìro pou
den alloi¸netai me thn exèlixh twn m
H
;m

H
, ta opoa exart¸ntai omal apì ti arqikè sunj ke
m
0
; M
1=2
.
H diadikasa pou perigrfhke pio pnw, enai apì ta pio prwtìtupa shmea th paroÔsa diatrib .
Exoplismènoi me th sqèsh aut , epitÔgqanoume mia polÔ shmantik  metatìpish paramètrwn. MporoÔn
na lhfjoÔn w metablhtè eisìdou sto prìgramma oi m
A
; M
1=2
kai to m
0
na prosdiorzetai apì autè
mèsw th Ex. (6.13).
'Opw èqei toniste sto Ed. 5.3, kentrikì rìlo sthn ulopohsh tou mhqanismoÔ th CAE, pazei h
parmetro 
NLSP
, pou rujmzei th sqetik  diafor mza anmesa sta dÔo elafrìtata swmtia tou
fsmato, pou orzetai apì thn Ex. (5.11). To epijumhtì 
NLSP
epitugqnetai gia kje tm  tou m
A
me
dokimastik  allag  tou M
1=2
. Me aÔxhsh tou M
1=2
auxnetai to 
NLSP
.
Katalhktik, oi eleÔjere parmetroi tou swmatidiakoÔ protÔpou enai:
m
A
; 
NLSP
; sign :
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Sq ma 6.5: Oi timè twn m
LSP
, m
0
, M
1=2
kai M
S
w sunart sei th m
A
gia 
NLSP
= 0 kai  > 0.
6.4.2 Diagrammatik Apotelèsmata
H orjìthta tou upologismoÔ ma elègqetai apì to gegonì ìti anapargei me axioprìsekth akrbeia to
digramma tou Sq. 1 th An. [70℄, to opoo èqei parqjei qwr th qr sh th Ex. (6.13), ìpw proèkuye
apì idiwtik  epikoinwna me ènan apì tou suggrafe. Sto digramma autì fanontai oi timè pou prèpei
na èqoun oi asumptwtikè timè twn maz¸n asjenoÔ parabash th SUSY gia dafore timè toum
t
(m
t
)
me 
NLSP
= 0; m
A
= M
Z
kai M
S
= 1 TeV. An kai oi timè autè enai xepèrasmène apì ta ne¸tera
peiramtika eur mata (m
t
(m
t
) ' 166 GeV kai m
A
> M
Z
), h morf  pou epiteÔqjhke apì to dikì ma
prìgramma parèqetai gia sugkrish sto Sq. 6.3. H metabol  sth m
t
(m
t
) mpore na epiteuqje profan¸
me metabol  th tim  th enopoihmènh zeÔxh Yukawa sthn Ex. (6.7).
Epistrèfonta sthn oikea diadikasa (me stajeropoihmènh thn tim  th m
t
(m
t
)) ta apotelèsmata tou
arijmhtikoÔ progrmmato se autì to skèlo th melèth katagrfontai paraktw:
a. Perptwsh  < 0. Sthn perptwsh aut , o fainomenologikì periorismì pou anadÔetai apì to
BR(b ! s), epitrèpei th qr sh sqetik elafroÔ fsmato. Gia to lìgo autì enai dunatìn
na stajeropoihje h tim  tou M
S
= 1 TeV. H epilog  aut  den èqei ousiatik  epptwsh sta
apotelèsmata giat aut enai eustaj  me mikr  metaknhsh tou M
S
. Sto Sq. 6.4 eikonzontai oi
arqikè sunj ke pou tjentai sto arijmhtikì prìgramma (M
1=2
kai m
0
), ¸ste na epitugqnetai
gia 95 GeV  m
A
 210 GeV, 
NLSP
= 0:2   0:8. Oi epilogè autè twn tim¸n tou 
NLSP
enai
endeiktikè.
b. Perptwsh  > 0. Sthn perptwsh aut , o fainomenologikì periorismì pou anadÔetai apì to
BR(b ! s), epibllei th qr sh sqetik barÔterou fsmato apì to prohgoÔmeno shmeo. Gia
to lìgo autì qrhsimopoietai metablht  tim  gia to M
S
. Sto Sq. 6.5 eikonzontai oi timè twn
epmaqwn posot twn tou progrmmato m
LSP
, m
0
, M
1=2
kai M
S
w sunart sei th m
A
gia

NLSP
= 0
Sumperasmatik, kai sti dÔo peript¸sei parathretai ìti M
1=2
> m
0
kai me stajerì m
A
aÔxhsh tou

NLSP
sunepgetai aÔxhsh twn apaitoÔmenwn M
1=2
kai m
0
en¸ me stajerì 
NLSP
aÔxhsh tou m
A
sunepgetai aÔxhsh twn apaitoÔmenwn M
1=2
kai m
0
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Sq ma 6.6: H dendrikoÔ epipèdou (diakekomènh gramm ) kai h diorjwmènh (suneq  gramm ) mza tou
b-quark w sunrthsh th m
A
, gia 
NLSP
' 0. Ta peiramatik ìria èqoun epsh topojethje.
6.5 Fainomenologik  melèth
Mia polÔ endiafèrousa problhmatik  anakÔptei me thn uiojèthsh th enopohsh Yukawa. To z thma
pou prèpei na diereunhje enai h sumbatìthta th enopohsh Yukawa me ta peiramatik dedomèna gia th
mza tou b-quark kai to BR(b ! s). Autì o problhmatismì apokt barÔnousa axa sthn perptwsh
th enopohsh Yukawa giat, lìgw th uyhl  tim  pou apokt h parmetro tan, oi diorj¸sei
sth mza tou b-quark enai idiaitèrw isqurè kai h epilog  shmeou gia thn parmetro  kajstatai
krsimh. Sunakìlouja, epeid  apofasistik  enai aut  h epilog  shmeou gia to , sth sumperifor
tou BR(b ! s) h tautìqronh ikanopohsh kai twn dÔo periorism¸n probllei w èna polÔ elkustikì
egqerhma. Oi periorismo auto melet¸ntai sta Ed. 6.5.1 kai 6.5.2. Tèlo, h fainomenologa pou
prokÔptei apì ti diorj¸sei sto h melettai sto Ed. 6.5.3.
6.5.1 Diorj¸sei sth mza tou b-quark
Efarmìzonta to tupolìgio tou Ed. 3.3.1 , upologzetai h mza tou b-quark èqonta sumperilbei ti
SUSY diorj¸sei gia 
NLSP
' 0. Ta apotelèsmata katagrfontai sto Sq. 6.6. Parathretai ìti gia
100 GeV  m
A
 700 GeV:
 'Otan  < 0, lambnetai gia thn dendrikoÔ epipèdou kai th diorjwmènh mza tou b-quark antstoiqa:
3:5 GeV
<

m
b
(M
Z
)
<

3:6 GeV (6.17)
4:4 GeV
>

m

b
(M
Z
)
>

4:3 GeV: (6.18)
Sunep¸, se aut  thn perptwsh, h diìrjwsh pou lambnetai enai jetik  kai parabizontai ta peira-
matik ìria pou isqÔoun gia th mza tou b-quark, ìpw prokÔptei me sÔgkrish twn pio pnw tim¸n
me thn Ex. (3.18). To gegonì autì de jewretai katastrofikì gia to exetazìmeno prìtupo, giat
se mia pl rh SO(10) jewra uprqoun kai lle diorj¸sei (An. [71℄) pou mporoÔn na tapein¸soun
  kai na anairèsoun ti sumperilambanìmene ston ed¸ upologismì. Sgoura, ìmw autì enai èna
shmeo pou qr zei bajÔterh kai diexodikìterh èreuna.
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Sq ma 6.7: To BR(b! s) w sunrthsh thm
A
, gia
NLSP
' 0 èqonta sumperilbei ti suneisforè
tou MSSM gia  > 0 kai  < 0, tou SM kai tou SM sun twn fortismènwn Higgs (SM+H
+
). Ta
peiramatik ìria èqoun epsh topojethje.
 'Otan  > 0, lambnetai gia thn dendrikoÔ epipèdou kai th diorjwmènh mza tou b-quark antstoiqa:
3:04 GeV
<

m
b
(M
Z
)
<

3:15 GeV (6.19)
2:2 GeV
<

m

b
(M
Z
)
<

2:5 GeV (6.20)
Sunep¸, se aut  thn perptwsh, h diìrjwsh pou lambnetai enai arnhtik  kai oi timè pou
epitugqnontai gia th mza tou b-quark, brskontai oriak, mèsa sti peiramatikè probleyei
th Ex. (3.18)
H parathroÔmenh diafor mza tou b-quark se dendrikì eppedo sti dÔo prohgoÔmene peript¸sei
ofeletai sth diaforetik  tim  pou epitugqnetai gia thn tan, se kje mia apo autè ti peript¸sei,
ìpw èqei anaferje sto Ed. 6.3.2. Epsh, kai sti dÔo peript¸sei, h diìrjwsh sth mza tou b-quark
èqei prìshmo antjeto tou qrhsimopoioÔmenou gia to .
6.5.2 Melèth tou BR(b! s)
Efarmìzonta to tupolìgio tou Ed. 3.4.2, upologzetai kai apeikonzetai sto Sq. 6.7 to BR(b ! s)
w sunrthsh th m
A
gia 
NLSP
' 0. Apì to arijmhtikì prìgramma sumperanetai oti h epilog  tou

NLSP
ephrezei polÔ lgo ta apotelèsmata sto BR(b ! s). Akìma parathretai ìti ìtan  < [>℄0
oi suneisforè twn brìqwn pou metèqoun hargino enai ap[ep℄oikodomhtikè sthn suneisfor apì to SM
sun ta fortismèna Higgs. Opìte,
 'Otan  < 0, to sunolikì apotèlesma kumanetai se peiramatik¸ anekt eppeda. Epomènw, h
perptwsh aut  enai epitrept  gia kje tim  twn m
A
, 
NLSP
.
 'Otan  > 0, to sunolikì apotèlesma kumanetai se eppeda an¸tera twn peiramatik¸ problepomèn-
wn gia mikrè timè th m
A
. Epeid  oi suneisforè, ektì aut  tou SM, fjnoun me aÔxhsh th
mza twn meteq¸ntwn swmatwn, brsketai tim  tou m
A
met thn opoa to BR(b! s) mpanei kai
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Sq ma 6.8: H m
h
w sunrthsh th m
A
, gia  < 0 kai 
NLSP
' 0; 0:06.
paramènei sthn peiramatik epitrept  perioq . Aut  h tim , parèqei èna ktw ìrio sti epitreptè
timè pou mpore na prei to m
A
. (  to m
LSP
). Dhlad :
m
A
>

402 GeV   m
LSP
>

738 GeV: (6.21)
Enai axioshmewto to gegonì ìti oi periorismo pou antloÔntai apì th diìrjwsh sth mza tou b-
quark kai tou BR(b ! s) enai allhlosugkrouìmenoi me thn ènnoia ìti to shmeo tou  pou eunoe
thn ikanopohsh tou enì periorismoÔ antibanei sthn ikanopohsh tou llou. Sugkekrimèna, h  < [>℄0
epilog  enai dusmen  [eumen ℄ gia th mza tou b-quark all eumen  [dusmen ℄ gia to BR(b! s).
6.5.3 Diorj¸sei sth mza tou h Higgs
Axiopohsh tou tupolìgiou tou Ed. 3.2.2 gnetai me skopì ton prosdiorismì th mza tou h Higgs apì
to meletoÔmeno prìtupo. Apì to tupolìgio sumperanetai ìti to shmeo tou  den ephrezei aisjht ta
apotelèsmata. Endeiktik ektjentai sto Sq. 6.8, h m
h
w sunrthsh tou m
A
, me  < 0 gia 
NLSP
' 0
kai 0.06. Parathretai ìti uprqei saf¸ èna mègisto ìrio pou antistoiqe sta 125GeV, prgma apìluta
sÔnnomo me ta peiramatik ìria th Ex. (3.10) kai ìti h diaforopohsh th kampÔlh gia difore timè
tou 
NLSP
enai sqedìn adiìrath, eidik se ì,ti afor thn tim  tou megstou. Lambnonta upìyh ma
ta prìsfata fainomenologik ìria th Ex. (3.10), mpore na teje èna ktw ìrio gia th mza m
A
(  th
m
LSP
) pou katagrfetai paraktw:
m
A
>

95 GeV   m
LSP
>

209 GeV: (6.22)
6.6 Kosmologik apotelèsmata
H Kosmologik  melèth tou swmatidiakoÔ protÔpou pou perigrfhke, perilambnei ton upologismì th
CRD tou LSP, 

LSP
h
2
. Autì gnetai efarmìzonta to tupolìgio twn Ed. 5.5.1 kai 5.5.2 sumperil-
ambnonta ANE kai CAE, antstoiqa. Eidikìtera, sti peript¸sei  > 0 kai  < 0 enai afierwmèna
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Sq ma 6.9: To 

LSP
h
2
w sunrthsh tou m
LSP
gia  < 0 kai 
NLSP
=0, 0.048 kai 0.08. Ta ìria apì
ta CDM senria èqoun epsh topojethje.
ta Ed. 6.6.1 kai 6.6.2. H sumbol  kje diadikasa sto telikì apotèlesma axiologetai genik sto Ed.
6.6.3.
6.6.1 Perptwsh  < 0
Sthn perptwsh aut , o fainomenologikì periorismì pou prèpei na lhfje upìyh enai autì th Ex.
(6.22). DÔo enai ta basik diagrmmata pou me saf neia katagrfoun th fusik  tou probl mato:
a. To digramma tou 

LSP
h
2
w sunrthsh tou m
LSP
gia kajorismèna 
NLSP
, pou apeikonzetai
sto Sq. 6.9. Apì aut sumperanetai ìti me stajerì m
LSP
[
NLSP
℄ aÔxhsh tou 
NLSP
[m
LSP
℄
sunepgetai aÔxhsh tou 

LSP
h
2
. Epomènw, h 

LSP
h
2
enai aÔxousa sunrthsh twn m
LSP
kai

NLSP
. Oi timè tou 
NLSP
, pou èqoun epilege enai:
 0. Pnw se aut  thn kampÔlh lambnetai h mègisth suneisfor twn CAE. To shmeo tom 
th kampÔlh aut  me to nw CDM ìrio, parèqei th mègisth epitrept  mza tou LSP th
jewra pou enai m
max
LSP
' 770 GeV.
 0.048. Me aut  thn tim , epitugqnetai to kat¸tero CDM ìrio me thn elqisth dunat  tim 
sth mza tou LSP gia autì to 
NLSP
pou enai 215GeV.
 0.08. Me aut  thn tim , epitugqnetai to an¸tero CDM ìrio me thn elqisth dunat  tim  sth
mza tou LSP gia autì to 
NLSP
pou enai 222GeV. Epomènw, autì mpore na qarakthriste
w to mègisto epitreptì 
NLSP
, 
max
NLSP
.
b. To digramma th epitrept  perioq  sto eppedo m
LSP
 
NLSP
, pou apeikonzetai sto Sq. 6.10.
Autì to digramma apotele ousiastik thn probol  tou Sq. 6.9 sto eppedo m
LSP
  
NLSP
.
Sugkekrimèna:
 H kat¸terh [an¸terh℄ sunoriak  kampÔlh antistoiqe sto kat¸tero [an¸tero℄ CDM ìrio
(

LSP
h
2
= 0:09 [0:22℄).
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Sq ma 6.10: H epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia  < 0.
 H ktw arister  gwna, pou sqhmatzei h kat¸terh sunoriak  kampÔlh me thn eujea thn
sqedìn katakìrufh, antistoiqe sthn tom  th kampÔlh 
NLSP
= 0:048 me to kat¸tero
CDM ìrio sto Sq. 6.9. Apì to shmeo autì, prokÔptei to m
min
LSP
 H pnw arister  gwna, pou sqhmatzei h an¸terh sunoriak  kampÔlh me thn eujea thn sqedìn
katakìrufh, antistoiqe sthn tom  th kampÔlh 
NLSP
= 0:08 me to an¸tero CDM ìrio sto
Sq. 6.9. Apì to shmeo autì, prokÔptei to 
max
NLSP
.
 H ktw arister  gwna, pou sqhmatzei h kat¸terh sunoriak  kampÔlh me thn orizìntia eujea,
antistoiqe sthn tom  th kampÔlh 
NLSP
= 0 me to kat¸tero CDM ìrio sto Sq. 6.9.
 H ktw dexi gwna, pou sqhmatzei h an¸terh sunoriak  kampÔlh me thn orizìntia eujea,
antistoiqe sthn tom  th kampÔlh 
NLSP
= 0 me to an¸tero CDM ìrio sto Sq. 6.9. Apì
to shmeo autì prokÔptei to m
max
LSP
.
Prosektikì anagn¸sth th diatrib  ja parathr sei ìti ta Sq. 6.9 kai 6.10 apoteloÔn beltiwmènh
èkdosh t¸n Sq. 3, 4 th An. [44℄. MetablhtìM
S
èqei qrhsimopoihje sta nèa, pou epitrèpei th metbash
se uyhlìtere timè th paramètrou m
A
  m
LSP
. Epomènw, mporoÔn na gnoun safèstere problèyei
gia ti an¸tere kosmologik epitrepte timè twn paramètrwn aut¸n.
6.6.2 Perptwsh  > 0
Sthn perptwsh aut , o fainomenologikì periorismì pou prèpei na lhfje upìyh enai autì th Ex.
(6.21), afoÔ enai isqurìtero apì autì th Ex. (6.22). Epeid  mlista to ktw ìrio pou epiblletai
enai uyhlì, ja qrhsimopoihje h mègisth dunat  sumbol  twn CAE pou epitugqnetai me 
NLSP
= 0.
Ta CDM senria ja d¸soun èna nw ìrio gia thn tim  tou m
A
. To pro exètash prìblhma an uprqei
q¸ro sunal jeush twn dÔo anisot twn pou ja prokÔyoun.
To krsimo digramma enai autì tou Sq. 6.11 ìpou apeikonzetai to 

LSP
h
2
w sunrthsh tou m
A
.
Apì autì prokÔptei ìti gia na enai h upologizìmenh 

LSP
h
2
sumbat  me ta CDM senria, prèpei:
m
A
<

416 GeV   m
LSP
<

770 GeV: (6.23)
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Sq ma 6.11: To 

LSP
h
2
, èqonta sumperilbei CAE (suneq  gramm ) kai qwr aut (diakkekomènh
gramm ) w sunrthsh tou m
A
gia  > 0 kai 
NLSP
= 0. Ta ìria apì ta CDM senria èqoun epsh
topojethje.
Apì ti Ex. (6.21) kai (6.23) prokÔptei ìti uprqoun timè th paramètrou m
A
pou epitrèpoun th sunÔ-
parxh twn periorism¸n apì to BR(b! s) kai ta CDM senria kai autè enai:
402 GeV
<

m
A
<

416 GeV   738 GeV
<

m
LSP
<

770 GeV: (6.24)
Eidikìtera, gia thn kat¸terh epitrept  tim  tou m
A
apì ton periorismì tou BR(b! s), m
A
' 402GeV
lambnetai 

LSP
h
2
' 0:2 an sumperilhfjoÔn CAE ston upologismì,   

LSP
h
2
' 7:55 an den sumper-
ilhfjoÔn. Parllhla, gia thn an¸terh epitrept  tim  tou m
A
apì ton periorismì twn CDM senariwn,
m
A
' 416 GeV lambnetai BR(b! s) ' 4:44 10
 4
, pou enai mèsa sta ìria th Ex. (3.50).
An kai h perioq  th Ex. (6.24) enai polÔ periorismènh, o sunupologismì twn sfalmtwn ston
prosdiorismì tou BR(b ! s) anamènetai na th dieurÔnei. Kai autì, dioti h tom  tou nw kldou tou
BR(b ! s) me to nw peiramatikì ìrio gnetai upì oxea gwna opìte mia mikr  metaknhsh lìgw s-
falmtwn sunepgetai isqur  elttwsh tou ktw orou sth metablht m
A
. Mìno h jewrhtik  abebaiìth-
ta ston kajorismì tou BR
SM
(b! s), pou dnetai apì thn Ex. (3.33), epifèrei mia metaknhsh tou ktw
epitreptoÔ orou tou m
A
perpou sta 320 GeV. H epitrept  perioq  sto eppedo m
LSP
  
NLSP
ja
enai th morf  tou Sq. 6.10 mìno pou to sqedìn katakìrufo tm ma sta arister th perioq  ja èqei
metakinhje pro ta dexi afoÔ m
min
LSP
' 525 GeV opìte kai 
max
NLSP
' :02. EntoÔtoi mia pio akrib 
diapragmteush ja apaitoÔse ton sunupologismì kai twn upolopwn sfalmtwn pou upeisèrqontai s-
ton upologismì tou BR(b ! s), h proèleush twn opown èqei  dh anaferje sto Ed. 3.4.3. Telik
apofeÔqjhke h emplok  se aut  th diadikasa, giat apì th ma ja apaitoÔse meglh upologistik 
akrbeia kai apì thn llh to sumpèrasma bwsimìthta th  > 0 perptwsh apotele mia shmantik 
katlhxh. Kai autì, diìti gia thn exetazìmenh perptwsh up rqe  dh prin thn dhmoseush th An. [72℄
mia aporriptik  katagraf  sthn An. [30℄. Se aut  o upologismì th CRD ginìtan me je¸rhsh mìno twn
ANE. Ta CDM ìria th epoq  den  tan sumbat me ta antstoiqa apì to BR(b ! s). O newterismì
th An. [72℄  tan o sunupologismì twn CAE sthn exagwg  th CRD kai twn NLO diorj¸sewn th QCD
pou epèfere telik thn anabwsh tou  > 0 senarou.
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Sq ma 6.12: Oi sqetikè suneisforè J
()
=J
e
(suneq  gramm ), J
(~
2
~
()
2
)
(diakekomènh gramm ) kai
J
(~
2
)
(estigmèna diakekomènh gramm ) gia 
NLSP
= 0:047,  < 0 kai M
S
= 1 TeV:
6.6.3 Sqetikè suneisforè sthn J
e
Mia polÔ diafwtistik  eikìna gia th summetoq  kje ma apì ti diadikase allhlokatastrof  kai
suggenik  katastof  sto telikì apotèlesma gia thn anhgmènh dr¸sa energì diatom  J
e
th Ex.
(5.83) dnetai sto edfio autì. An kai h anlush ègine gia thn perptwsh  < 0, ta sumpersmata èqoun
auxhmènh genikìthta, giat, ìpw prokÔptei me sÔgkrish twn kampÔlwn gia 
NLSP
= 0 apì ta Sq. 6.11
kai 6.9, h allag  pros mou tou  af nei sqedìn anephrèasth thn upologizìmenh CRD.
Me sugkrish th suneisfor kje CAE   ANE sto J
e
, mporoÔn na gnoun ta paraktw sqìlia:
 'Otan 
NLSP
= 0, h suneisfor twn ANE ~~ sto J
e
enai polÔ mikr  (0:4%). Oi antstoiqe
suneisfor twn CAE sti J
(~~
2
)
kai J
(~
2
~
()
2
)
kumanetai sto disthma 27   24%kai 73   76% an-
tstoiqa kaj¸ to m
A
kumanetai apì 95 se 224GeV. 'Otan 
NLSP
= 0:1, entoÔtoi, h suneisfor
twn ANE ~~ gnetai polÔ shmantik  parèqonta perpou to 33   31% th J
e
. H pio spoudaa
suneisfor (to 58% th J
e
), se aut  thn perptwsh, proèrqetai apì ti CAE ~~
2
, en¸ oi CAE
~
2
~
()
2
parèqoun perpou to 9  11% th J
e
. Sumperasmatik, oi ANE enai amelhtae gia mikrè
timè tou 
NLSP
all enai polÔ shmantikè gia megalÔtere timè tou 
NLSP
. Autì ofeletai
sto ìti oi arijmhtikè puknìthte twn ~
2
elatt¸nontai sqetik me aut  tou ~ kaj¸ to 
NLSP
auxnei.
 Kai oi pènte CAE tou ~ me ~
2
pou anagrfontai ston Pnaka 5.3 dnoun parapl sia axa sune-
isforè sto a
~~
2
(h proexrqousa suneisfor proèrqetai, genik apì thn ~~
2
! h). H sqetik 
suneisfor tou b
~~
2
sto J
(~~
2
)
prokÔptei ìti enai ousiastik anexrthth th tim  toum
A
(95GeV 
m
A
 215 GeV). Aut  h suneisfor kumanetai apì 5% se perpou 8% kaj¸ to 
NLSP
auxnei
apì 0 se 0.1.
 H mègisth suneisfor sto a
~
2
~
()
2
proèrqetai apì ti CAE ~
2
~

2
! hh; t

t kai ~
2
~
2
!  . Entoutoi,
pollè apì ti lle CAE (ìpw oi ~
2
~

2
! ZZ, , HH , AA, H
+
H
 
, Z) èqoun, genik spoudaa
suneisfor pou den mpore na amelhje (h ~
2
~

2
! ZZ, gia megle timè twn 
NLSP
kai m
A
dnei
mègisth suneisfor). Epsh, h CAE ~
2
~

2
! hH (W
+
W
 
) enai auxhmènh gia mikrè timè twn
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Sq ma 6.13: H dendrikoÔ epipèdou mza tou b-quark w sunrthsh th tan.
m
A
(kai 
NLSP
). H sqetik  suneisfor tou b
~
2
~
()
2
sth J
(~
2
~
()
2
)
, enai mikrìterh apì 1% gia ìle
ti sqetikè timè twn llwn paramètrwn.
 'Otan 
NLSP
= 0, oi suneisforè twn b
~~
2
kai b
~
2
~
()
2
sth J
e
allhlodiagrfontai merik¸ kai
epomènw, èna akribè apotèlesma lambnetai (me ljo mèqri 0:5%) agno¸nta th sumbol  twn b
sto telikì apìtèlesma. 'Otan 
NLSP
= 0:1, entoÔtoi, h suneisfor tou b
~~
2
kuriarqe sthn b
~
2
~
()
2
pou parèqei to 4  5% tou J
e
. Epomènw, ta arijmhtik apotelèsmata mporoÔn na anaparaqjoÔn
me mia akrbeia kalÔterh apì  5% qrhsimopoi¸nta gia ti CAE mìno tou a
ij
. Oi analutikè
tou ekfrsei dnontai sto Ed. 5.5.2. Antijètw, to b
~~
den mpore na agnohje, afoÔ h suneisfor
tou sth J
(~~)
anèrqetai sto 80% kai oi ANE ~~ enai polÔ shmantikè gia megalÔtere timè tou

NLSP
.
Oi sqetikè suneisforè J
(ij)
=J
e
((ij) = (~~), (~~
2
), (~
2
~
()
2
)) twn tri¸n eid¸n sumperilambanomènwn
diadikasi¸n sto J
e
dnontai sto Sq. 6.12 san sunrthsh tou m
A
gia thn kentrik  tim  tou 
NLSP
'
0:047 kai gia M
S
= 1 TeV ìpou to epitreptì pedo tim¸n tou m
A
enai 95 GeV
<

m
A
<

215 GeV.
6.7 Sumpersmata
Ta sumpersmata apì th diereÔnhsh tou meletoÔmenou protÔpou katagrfontai paraktw:
a. Perptwsh  < 0. H mza tou b-quark me thn prosj kh twn SUSY diorj¸sewn parabizei ta
peiramatik ìria. Antijètw, efarmog  tou BR(b ! s) den jètei periorismoÔ sto pedo orismoÔ
twn paramètrwn tou protÔpou. Ta ìria twn CDM senarwn ikanopoioÔntai ìtan to elafrìtero stau
enai 0-8% barÔtero apì to LSP pou mpore na kumanetai apì 215   770 GeV. Katalhktik, an
deqje kane ìti h apìklish sth mza tou b-quark den enai katastrofik  gia th jewra, h perptwsh
aut  parèqei ènan eurÔ q¸ro paramètrwn filìxeno".
b. Perptwsh  > 0. H mza tou b-quark me thn prosj kh twn SUSY diorj¸sewn brsketai oriak
mèsa sta peiramatik ìria. Antijètw, efarmog  tou BR(b ! s) epibllei èna isqurì ktw ìrio
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Sq ma 6.14: H dendrikoÔ epipèdou (diakekomènh gramm ) kai h diorjwmènh (suneq  gramm ) mza tou
b-quark w sunrthsh th tan, gia 
NLSP
' 0,  > 0 kai BR(b! s) ' 4:5 10
 4
.
sth parmetro m
A
. Ta ìria twn CDM senarwn ikanopoioÔntai me ton sunupologismì twn CAE,
gia autè ti epitreptè timè tou m
A
. Katalhktik, h apathsh tautìqronh ikanopohsh twn
periorism¸n apì to BR(b ! s) kai ta CDM senria parèqei q¸ro paramètrwn pio periorismèno
apì thn prohgoÔmenh perptwsh.
6.8 Epèkeina th enopohsh Yukawa
Epèkeina th Enopohsh Yukawa uparqoÔn dÔo basikè pijanìthte. H Enopohsh b   , sthn opoa enai
afierwmèno to Ed. 6.8.1 kai h mh Enopohsh twn zeÔxewn Yukawa gia thn opoa gnetai anafor sto
Ed. 6.8.2. Kai sti dÔo peript¸sei, uprqei q¸ro paramètrwn pou ikanopoie tautìqrona tou fain-
omenologikoÔ kai tou kosmologikoÔ periorismoÔ. To kìsto pou plhr¸nei kanei egkataleponta
th Enopohsh Yukawa enai h eisagwg  mia nèa paramètrou sto prìblhma. H tan den prosdiorzetai
plèon monìtima all gnetai eleÔjerh parmetro. 'Wste, oi eleÔjere parmetroi tou progrmato ja
enai:
m
A
; 
NLSP
; sign ; tan:
Profan¸, h Ex. (6.13) isqÔei me thn dia morf  se kje perptwsh. Allzoun mìno oi timè twn
suntelest¸n. Epiplèon h qr sh metabl tou tan knei to arijmhtikì prìgramma pio dusknhto, giat
gia kje diaforetik  tim  tou tan prèpei na qrhsimopoietai diaforètik  asumptwtik  sunj kh sthn
Ex. (6.7). Se ìla ta arijmhtik apotelesmata pou ja ektejoÔn se autì kai sto epìmeno keflaio th
diatrib  oi diorj¸sei sth mza tou leptonou  den ja lhfjoÔn upìyh. 'Allwste, kaj¸ h enopohsh
Yukawa egkatalepetai stadiak, h tim  th tan ja ellat¸netai, ìpote kai h diìrjwsh th Ex. (3.22)
ja gnetai ìlo kai pio epousi¸dh.
6.8.1 Enopohsh b  
H dunatìthta th b  Enopohsh anadÔetai sti peript¸sei uiojèthsh mia Omda Enopohsh, ìpw
h SU(5), sthn opoa ta fermiìnia ktw tÔpou mporoÔn na dieujethjoÔn sthn dia anaparstash. Oi
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Pnaka 6.2: Enopohsh zeÔxewn Bajmda kai b   ( > 0)
M
S
(GeV) 1800 1500 1300
Metablhtè Eisìdou (m

(M
S
) = 1:78 GeV)
M
G
(10
16
GeV) 1:35 1:39 1:39

 1
G
25:57 25:43 25:3
h
t
(M
G
) :628 :593 :564
h
b
(M
G
) = h

(M
G
) :419 :296 :188
Metablhtè Exìdou

3
(M
Z
) :1201 :1202 :1204
s
2
W
(M
Z
) :2306 :2308 :2310

 1
em
(M
Z
) 127:98 128:00 127:91
tan 42:6 34:4 24:2
m
t
(m
t
) (GeV) 166:025 166:046 166:002
m

b
(M
Z
) (GeV) 2:65 2:94 3:24
asumptwtikè timè twn zeÔxewn Yukawa ikanopoioÔn se aut  thn perptwsh, mia sqèsh th morf :
h
t
(M
G
) > h
b
(M
G
) = h

(M
G
) := h
0
: (6.25)
H diadikasa prosdiorismoÔ tou h
0
kai th tan exelssetai ìpw akrib¸ perigrfetai sto Ed. 6.3.2
me th diafor ìti h dunatìthta metabol  tou lìgou h
t
(M
G
)=h
0
parèqei th dunatìthta l yh poll¸n
tim¸n gia thn tan. Ston Pnaka 6.2 ektjentai endeiktik kpoie timè pou qrhsimopoi jhkan w input
sto arijmhtikì prìgramma me ta antstoiqa output. Merik apì ta fsmata pou qrhsimopoi jhkan gia
ton upologismì tou m

b
(M
Z
) parèqontai ston Pnaka 6.4 me shmeo susqètish thn tim  th tan.
Arqik to jèma pou exetzetai enai to apotèlesma gia th dendrikoÔ epipèdou mza tou b-quark me
th metabol  th tan. Se autì to er¸thma enai afierwmèno to Sq. 6.13, ìpou eikonzetai h dendrikoÔ
epipèdou mza tou b-quark w sunrthsh th tan. Oi lle parmetre tou progrmmato den qreizetai
na kajoristoÔn giat h kataskeu  tou diagrmmato autoÔ den proupojètei ton upologismì tou SUSY
fsmato all mìno thn lÔsh tou pr¸tou sunìlou twn RGE twn zeÔxewn bajmda kai Yukawa. Se
armona me ta eur mata th An. [73℄, apì to Sq. 6.13, parathretai ìti h mza tou b-quark auxnei me
mewsh th tan, prgma pou ja eunooÔse thn  > 0 perptwsh, kat thn opoa mia arnhtik  diìrjwsh
ja sunèballe na epanafèrei th mza tou b-quark se peiramatik apodekt eppeda.
To parapnw senrio ulopoietai sto Sq. 6.14, ìpou eikonzetai h dendrikoÔ epipèdou kai h diorjwmènh
mza tou b-quark w sunrthsh th tan gia 
NLSP
' 0 kai BR(b ! s) ' 4:5  10
 4
.H teleutaia
epilog  prosdiorzei ousiastik thn tim  th paramètrou m
A
, h opoa ìmw den enai kajoristik  gia
to diereunoÔmeno jèma, giat ìpw fanetai kai sto Sq. 6.6, h m
b
paramènei sqedìn ametblhth me
metabol  tou m
A
. Exarttai isqur mìno apì to ekstote tan. Apì to Sq. 6.14 sungetai epsh ìti h
diorjwmènh kai h dendrikoÔ epipèdou mza b-quark auxnei kaj¸ h tan elatt¸netai. Epiplèon, h SUSY
diìrjwsh elatt¸netai kaj¸ to tan elat¸netai afoÔ enai sqedìn anlogh tou tan ìpw fanetai apì
thn Ex. (3.11) kai (3.13). Sunep¸, oi desmo pou prèpei na plhroÔntai gia na brsketai h (diorjwmènh)
mza tou b-quark mèsa sthn epitrepìmenh peiramatik perioq  th Ex. (3.18), enai:
26:5
<

tan kai  > 0 (6.26)
Epomènw, to sÔnolo twn anexrthtwn paramètrwn th jewra (èqonta epilèxei A
0
= 0) enai:
m
A
; 
NLSP
; tan:
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Sq ma 6.15: H epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia  < 0 kai tan ' 15:3.
Gia th sunèqeia th melèth tou protÔpou, akoloujoÔntai ta b mata pou perigrfhkan sta Ed. 6.5.2
kai 6.6.2. To ktw epitreptì ìrio tou m
A
kajorzetai apì thn sunj kh BR(b ! s) ' 4:5  10
 4
. H
katstash, dhlad , enai parìmoia me aut  tou Sq. 6.7, me  > 0. Axiopoi¸nta to tupolìgio tou Ed.
5.5.1 gia ti ANE kai tou Ed. 5.5.2 gia ti CAE upologzetai to 

LSP
h
2
Parathretai ìti to mègisto
epitreptì 
NLSP
apì ta CDM senria, kumanetai apì 0.023 mèqri 0, kaj¸ to tan auxnetai apì
to ktw ìrio th Ex. (6.26). Epiplèon ta CDM ìria th Ex. (5.4) jètoun èna nw ìrio sth tan pou
lambnetai sto shmeo pou me 
NLSP
= 0 epitugqnetai 

LSP
h
2
= :22 kai enai:
tan
<

49:5 (6.27)
'Opw parathretai kai apì ti antstoiqe st le tou Pnaka 6.4 me elttwsh th tim  tou tan oi
fainomenologik epitreptè timè tou m
LSP
mei¸nontai all oi antstoiqe tou m
A
auxnontai.
6.8.2 Mh Enopohsh Yukawa
H pio apeleujerwmènh apì periorismoÔ nwjen perptwsh enai aut  pou exetzetai sto edfio autì. H
exèlixh twn zeÔxewn Yukawa gnetai kai pli apì thn klmaka enèrgeia GUT. Sth diadikasa tou Ed.
6.3.2 epiblletai èna akìma periorismì. Epidi¸ketai me katllhlh epilog  th h
b
(M
G
) na epitugqnetai
h kentrik  peiramatik  tim  gia th mza tou b-quark apì thn Ex. (3.18). 'Eqonta upìyh ma to gegonì
ìti oi diorj¸sei sth mza tou b-quark enai pros mou antijètou apì autì tou , oi asumptwtikè timè
twn zeÔxewn Yukawa, prèpei na ikanopoioÔn sqèsei th morf :
h
t
(M
G
) > h

(M
G
) kai h
b
(M
G
) > h

(M
G
) ìtan  > 0 ; (6.28)
h
t
(M
G
) > h

(M
G
) kai h
b
(M
G
) < h

(M
G
) ìtan  < 0 : (6.29)
Pio sugkekrimèna apotelèsmata twn prospajei¸n ma katagrfontai ston Pnaka 6.3. Merik apì ta
fsmata pou qrhsimopoi jhkan gia ton upologismì tou m

b
(M
Z
) parèqontai ston Pnaka 6.4 me shmeo
susqètish thn tim  th tan. Sunep¸, kai sto prìgramma autì h tan enai mia metablht  exìdou.
ParìlataÔta, gia thn apofug  sugqÔsew, sthn parousash twn apotelesmtwn ja parousizetai w
6.8 Epèkeina th enopohsh Yukawa 95
Pnaka 6.3: Enopohsh zeÔxewn Bajmda
sign  1 +1  1 +1
M
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Metablhtè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M
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24:54 25:06 24:7 25:1
h
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h
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h
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) :075 :073 :1094 :1088
Metablhtè Exìdou
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(M
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) :1206 :1205 :1202 :1209
s
2
W
(M
Z
) :2319 :2313 :2318 :2311

 1
em
(M
Z
) 128:00 127:9 127:99 127:99
tan 10:32 10:16 15:24 14:95
m
t
(m
t
) (GeV) 166:083 166:025 166:054 166:069
m
b
(M
Z
) (GeV) 2:67 2:73 2:71 2:70
metablht  eisìdou. Giautì kai h tim  th ja enai proseggistik sh me ti anagrafìmene timè. Oi
eleÔjere parmetroi tou probl mato, loipìn, enai (A
0
= 0):
m
A
; 
NLSP
; sign ; tan:
'Eqonta apallage apì to probl ma th mza tou b-quark, me th dia qeirì dieujèthsh, oi fain-
omenologiko periorismo pou prèpei na lhfjoÔn upìyh enai asfal¸ pio elastiko. Gia to megalÔtero
mèro tou parametrikoÔ q¸rou to ktw ìrio tou m
A
lambnetai apì th je¸rhsh tou BR(b! s). Epeid 
mlista gia  < 0, mikrìtere timè tou m
A
enai epitreptè, to senrio  < 0 enai pio pronomiakì apì
to  > 0 ìpw analutik ja exhghje sto Ed. 7.5 tou epìmenou kefalaou.
Endeiktik, gia tan ' 15:2 gnetai to digramma th epitrept  perioq  sto eppedom
LSP
 
NLSP
,
gia  < 0 pou eikonzetai sto Sq. 6.15. Gia to skopì autì, fusik axiopoietai to tupolìgio tou
Ed. 5.5.1 gia ti ANE kai tou Ed. 5.5.3 gia ti CAE. Parathretai ìti to epitreptì fsma tim¸n
tou LSP enai: 100 GeV
<

m
LSP
<

578 GeV me 
max
NLSP
' 0:4. Epsh, uprqei mikr  perioq  gia
100GeV
<

m
LSP
<

120GeV sthn opoa enai dunatìn na lhfjoÔn kosmologik apodekt apotelèsmata
qwr thn energopohsh twn CAE. 'Ole oi CAE me kpoio higgs sti telikè katastsei enai apokleis-
mène kinhmatik afoÔ o tomèa higgs tou protÔpou enai arket barÔ (360 GeV
<

m
A
<

1650 GeV),
giautì kai to mègisto epitreptì m
LSP
(578GeV) enai arket mikrìtero apì to antstoiqo tou Ed. 6.6.1,
(770 GeV) afoÔ h tapenwsh th CRD lìgw twn CAE enai asjenèsjerh.
Sumperasmatik, h perptwsh mh enopohsh Yukawa diajètei megalÔterh eukaria diaqerhsh twn
eleÔjerwn paramètrwn tou probl mato. Ston Pnaka 6.4 dnontai kpoia fsmata maz¸n twn spartiles
kai higgs pou antistoiqoÔn se timè twn metablht¸n twn Pinkwn 6.1, 2, 3. Parathretai ìti me elltwsh
th tan to elqisto dunatì m
LSP
ellat¸netai all to antstoiqo m
A
auxnetai kai akìma ìti me
tan  15 oi mze twn ~e
R
plhsizoun aut  tou ~
2
opìte lambnoun mèro sti CAE. Epsh gia
stajerì tan to elqisto dunatì m
LSP
enai mikrìtero sthn perptwsh  < 0.
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Keflaio 7
MSSM proerqìmeno apì th Jewra
Horava-Witten
7.1 Eisagwg 
Mia èkdosh tou MSSM proerqìmenh apì mia jewra Uperqord¸n me to ìnoma Horava-Witten enai to
antikemeno melèth tou teleutaou autoÔ kefalaou th diatrib . Sto Ed. 7.2 gnetai mia perilhptik 
parousash th jewra Horava-Witten. Sto Ed. 7.3 ektjentai ta b mata tou arijmhtikoÔ upologis-
moÔ. 'Epontai h parametrik  melèth tou protÔpou sto Ed. 7.4 kai h fainomenologik  sto Ed. 7.5.
Ta kosmologik apotelèsmata pou parousizontai sto Ed. 7.6 kai to keflaio oloklhr¸netai me thn
katagraf  twn sumperasmtwn sto Ed. 7.7. O suggrafèa th diatrib  aut  den èqei melet sei
Jewra Uperqord¸n. H suneisfor tou sthn ergasa th An. [45℄, sthn opoa sthrzetai to keflaio
autì,  tan o èlegqo tou protÔpou se qamhlè enèrgeie, epidi¸konta tautìqronh ikanopohsh kritirwn
fainomenologik¸n kai kosmologik¸n. Giautì kai to kÔrio bro th parousash ja epikentrwje sthn
anlush twn apotelesmtwn, periorzonta ti jewrhtikè anaforè sto elqisto dunatì, afoÔ oi ènnoie
pou upeisèrqontai den enai oikee ston grfonta.
7.2 To prìtupo Horava-Witten
Prosftw oi Horava-Witten sthn An. [74℄ èdeixan ìti oi pènte diataraktikè jewre qord¸n (tÔpou I
anoiktè qordè, tÔpou IIA kai IIB kleistè qordè kai oi dÔo kleistè eterotikè qordè me summetre
bajmda E
8
E
0
8
kai SO(32) ) kai h 11 diastsewn uperbarÔthta antistoiqoÔn se diaforetik ken mia
uperkemenh jemeli¸dou jewra pou lègetai M-Jewra. Se aut  thn jewra ta parathr sima peda
bajmda perièqontai sthn 10 diastsewn omda E
8
pou brsketai sto èna kro mia gramm  m kou ,
en¸ o spasmèno tomèa twn pedwn perièqetai sto upìloipo tm ma th omda to E
0
8
pou topojetetai sto
llo kro th gramm . Sumpagopohsh (ompatiation) tou q¸rou, epsh, upotjetai se èna S
1
=Z
2
orbifold. Ta peda barÔthta diaddontai ston ìgko autoÔ tou 11 diastsewn kataskeusmato pou
moizei me eppedo puknot  kai apeikonzetai parastatik sto Sq. 7.1. 'Otan to m ko  th endimesh
gramm  tenei sto mhdèn, tìte oi dÔo plke sumpptoun kai prokÔptei h asjen¸ suzeugmènh jewra
qord¸n.
H megalÔterh epituqa th jewra twn Horava-Witten enai h lÔsh me eufu  trìpo tou probl mato
th enopohsh twn zeÔxewn bajmda, dhlad  o mhdenismì th energeiak  apìstash pou proèkupte
anmesa sth klmaka th SUSY-GUT, M
G
' 2  10
16
GeV kai sthn klmaka enopohsh th qord 
M
String
' 5  10
17
GeV pou upologizìtan me thn asjen¸ suzeugmènh jewra qord¸n. Sthn isqur¸
suzeugmènh jewra qord¸n oi epiplèon Kaluza-Klein katastsei den ephrezoun thn exèlixh twn zeÔxewn
bajmda all mìno epitaqÔnoun thn exèlixh th barutik  zeÔxh me apotèlesma thn mewsh touM
String
sto M
G
. Epiplèon, to SSB th SUSY mèsa sta plasia th M-Jewra odhge se mze twn gaugino th
txh th mza twn gravitino, se antjesh me thn perptwsh th asjen¸ suzeugmènh jewra qord¸n
pou proèblepe polÔ elafrè mze gia ta gaugino.
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Sq ma 7.1: Mia parastatik  apeikìnish tou endekadistatou q¸rou th Jewra Horava-Witten par-
mènh apì thn An. [75℄
Paromow me thn perptwsh th asjen¸ suzeugmènh jewra qord¸n, h sumpagopohsh th jewra
twn Horava-Witten se qamhlìtere diastsei mpore na odhg sei sto SSB th E
8
se fainomenologik
pio endiafèrouse omde. Diakrnontai oi peript¸sei:
 Kajierwmènh EmfÔteush (SE). Se aut  thn perptwsh, to SSB th E
8
odhge sthn E
6
. To SSB
twn apl¸n omdwn (E
6
, SO(10)) epitugqnetai me th qr sh pedwn se sunaf  anaparstash, ta
opoa ìmw den perièqontai sta apomeinria twn jewri¸n qord¸n. Opìte to SSB th E
6
mpore na
pragmatopoihje mìno mèsw twn brìqwn tou Wilson kai h prìbleyh th enopohsh twn zeÔxewn
Yukawa qnetai. EntoÔtoi, an to SSB th E
6
odhg sei sthn omda tri-enopohsh, SU(3)
C

SU(3)
L
SU(3)
R
,   sthn SU(6)U(1) mpore na epiteuqje antstoiqa h prìbleyh th pl rou  
b   enopohsh Yukawa sÔmfwna me thn An. [79℄.
 Mh Kajierwmènh EmfÔteush (NSE). Se aut  thn perptwsh, to SSB th E
8
odhge se omde ìpw
h SO(10) kai SU(5), oi opoe arqik eunooÔn thn pl rh   merik  enopohsh Yukawa. H mh Ôparxh
sunaf¸n uperpedwn Higgs, ìmw, odhge se SSB twn omdwn aut¸n mèsw twn brìqwn Wilson,
opìte h prìbleyh gia kpoiou edou enopohsh Yukawa qnetai. EntoÔtoi, uprqoun kataskeÔe
me megalÔtero Ka-Moody eppedo kat thn An. [78℄, oi opoe xepernoÔn thn proioÔsa anaresh.
Epsh, an kat to SSB th E
8
prokÔyei h omda Pati-Salam SU(4)

SU(2)
L
SU(2)
R
, tìte den
apaitoÔntai oi brìqoi Wilson giat aut  h omda perièqei kai th SU(4)

kai thn SU(2)
R
oi opoe
diajètoun sunaf  uperpeda Higgs.
Sumperasmatik, ìle oi asumptwtikè sqèsei metaxÔ twn zeÔxewn Yukawa enai epitreptè mèsa sta
plasia th jewra Horava-Witten.
Oi asumptwtikè timè twn SBT th jewra aut  dnontai sti An [76℄ kai [77℄ enai oi die kai sthn
perptwsh tou SE kai tou NSE. H jewra protenei pagkìsmie arqikè sunj ke gia tou SBT, dhlad :
 Mia koin  mza gia ta gaugino, M
1=2
,
M
1=2
=
p
3m
3=2
1 + 
(sin  +

p
3
os ): (7.1)
 Mia koin  mza gia ta bajmwt peda, m
0
,
m
2
0
= m
2
3=2
 
3m
2
3=2
(3 + )
2

(6 + ) sin
2
 + (3 + 2) os
2
   2
p
3 os  sin 

: (7.2)
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 Mia koin  trigrammik  zeÔxh, A
0
,
A
0
=  
p
3m
3=2
3 + 

(3  2) sin  +
p
3 os 

: (7.3)
ìpou m
3=2
h mza tou gravitino kai  h gwna tou goldstino me 0 <  < =2 kai 0 <  < 1 sto SE,
 1 <  < 1 gia to NSE. H axiopohsh twn arqik¸n aut¸n sunjhk¸n sta plasia tou MSSM enai o
stìqo th epìmenh parafrfou.
7.3 Arijmhtik  epexergasa
H melèth tou MSSM me th qrhsimopohsh twn arqik¸n sunjhk¸n twn Ex. (7.1), (7.2), (7.3) enai o
stìqo autoÔ tou kefalaou th diatrib . H arijmhtik  epexergasa gnetai mèsa sta plasia pou
èqoun diexodik perigrafe sta Ed. 6.3 6.4 tou prohgoÔmenou kefalaou. Perilhptik, ta b mata tou
upologismoÔ katagrfontai paraktw:
 EÔresh th klmaka enopohsh M
G
kai th enopoihmènh zeÔxh, g
G
. LÔnontai arijmhtik oi
RGE twn zeÔxewn bajmda tou Ed. Aþ.2 me dokimastikè arqikè sunj ke mèqri thn epteuxh twn
peiramatik¸n tim¸n twn Ex. (6.5) kai (6.6).
 Upologismì tou tan stoM
S
. Parllhla me th lÔsh twn RGE gia ti zeÔxei bajmda, lÔnontai
oi RGE gia ti zeÔxei Yukawa, pli me dokimastikè arqikè sunj ke. Qrhsimopoi¸nta ti timè
m

(M
S
) = 1:78 GeV kai th Ex. (3.21), w eisagìmena sto prìgramma, prosdiorzetai h tan
sto M
S
. Epomènw h tan enai apotèlesma twn asuptwtik¸n sqèsewn pou ikanopoioÔn oi zeÔxei
Yukawa kai ìqi mia eleÔjerh parmetro. Autè oi sqèsei kajorzontai ete apì asumptwtikè
upojèsei (pl rou   merik  Yukawa enoposh) ete apì thn apathsh h prokÔptousa se klmaka
enèrgeia M
Z
mza tou b-quark na enai sthn kentrik  peiramatik  tim  th Ex. (3.18).
 Upologismì tou . LÔnontai arijmhtik oi RGE twn SBT me arqikè sunj ke twn Ex. (7.1), (7.2)
kai (7.3). Se klmaka enèrgeiaM
S
upotjetai epituqè SSB kai prosdiorzetai h parmetro  mèsw
th Ex. (2.45), qrhsimopoi¸nta thn prosèggish tou tree-level renormalization group improved
eetive potential sÔmfwna me ta anaferìmena sto Ed. 3.2.1.
 Upologismì tou SUSY fsmato th jewra. Me efarmog  tou tupolìgiou tou Ed. 2.5 u-
pologzetai to SUSY fsma tou protÔpou. To LSP th jewra prokÔptei ìti enai morf  bino me
kajarìthta 98% en¸ to NLSP enai to elafrìtero stau morf  dexiìstrofh. Epsh, sumperilam-
bnontai oi diorj¸sei sto h me qrhsimopohsh tou tupolìgiou tou Ed. 3.2.2.
 Epanakajorismì tou M
S
. 'Eqonta upologsei to SUSY fsma, mpore na kajoriste h klmaka
M
S
mèsw th Ex. (3.1) opìte me autì w dedomèno h diadikasa epanalambnetai mèqri thn epteuxh
eustajoÔ lÔsew.
7.4 Parametrik  melèth
Arqik, oi eleÔjere parmetre tou probl mato, enai:
tan; sign; ; ; m
3=2
:
'Eqonta upìyh ma thn exrthsh tou m
A
apì ti asumptwtikè mze twn salar kai gauginos , mpore
na jemeliwje arijmhtik mia parìmoia sqèsh basismènh se teqnikè pou èqoun  dh perigrafe sto Ed.
6.4.1 kai oi opoe isqÔoun me mia akrbeia th txew :02%:
m
2
A
' 
3=2
m
2
3=2
+ 
s
m
2
3=2
sin
2
 + 
2s
m
2
3=2
sin 2  M
2
Z
; (7.4)
me suntelèste 
3=2
 0:1; 
s
; 
2s
 1, kajorizìmenou apì to arijmhtikì prìgramma gia kje tim 
twn ; M
S
; tan. Apì th sqèsh aut  upologzetai to m
3=2
qrhsimopoi¸nta w eleÔjere parametrou
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Pnaka 7.1: Susqetismì Paramètrwn ( < 0)
Metablhtè Eisìdou
tan = 15 tan = 31
m
A
= 450 GeV; 
NLSP
= 0:2 m
A
= 660 GeV; 
NLSP
= 0:06
Timè Paramètrwn
 0:5 0:8 0:9 0:3 0:6 0:9
 =2:25 =3:33 =3:56 =2:75 =4:4 =4:95
m
3=2
(GeV) 231:93 267:18 276:68 349:37 460:9 496:34
Timè Asjen¸n 'Orwn
M
1=2
(GeV) 277:17 277:8 277:98 456:92 457:36 457:6
m
0
(GeV) 120:75 120:63 120:46 248:58 248:08 247:71
A
0
(GeV)  243:32  237:12  235:6  439:91  435:55  433:54
ti tan; ; ; m
A
. H epìmenh parmetro pou prèpei na metablletai kat boÔlhsh enai h sqetik 
diafor mza anmesa sto LSP kai sto NLSP, 
NLSP
pou orzetai sthn Ex. (5.11). Kai autì, diìti
h parmetro aut  enai krsimh gia thn oikodìmhsh enì epituqoÔ CDM senarou afoÔ rujmzei thn
èntash twn CAE.
Sto shmeo autì gnetai mia parat rhsh pou anadÔetai apì to arijmhtikì prìgramma kai bohjei
sthn peraitèrw sustol  tou parametrikoÔ q¸rou. Uprqoun isodÔnama sÔnola tim¸n twn paramètrwn
; ; m
3=2
, dhlad  tim¸n pou parèqoun polÔ parìmoia sÔnola tim¸n gia tou ìrou m
0
; M
1=2
; A
0
,
mèsw twn Ex. (7.1)-(7.3). H pio meglh apìklish sta isodÔnama aut sÔnola tim¸n parathreitai sto
A
0
kai enai mikrìterh tou 1%. Tou lìgou to asfalè epibebai¸netai me anafor ston Pnaka 7.1, ìpou
dnontai dÔo tuqaa paradegmata gia ti anagrafìmene timè eisagìmenwn sto prìgramma paramètrwn
tan; m
A
; 
NLSP
. Parathretai ìti uprqoun trei diaforetikè epilogè ; ; m
3=2
se kje perptwsh
pou parèqoun parapl sie timè gia tou ìrou asjenoÔ parabash th SUSY, m
0
; M
1=2
; A
0
kai
epomènw, sqedìn tautìshma fsmata twn spartiles. Ta paradegmata anafèrontai se  < 0, epilog 
pou den periorzei kajìlou th genikìthta th parat rhs  ma. 'Opw fanetai, to m
3=2
metablletai
entìnw sti peript¸sei isodÔnamou fsmato, prgma pou shmanei ìti h prat rhsh aut  taxinìmhsh
twn isodÔnamwn arqik¸n sunjhk¸n de ja ginìtan, an den eqe gnei h metjesh twn paramètrwn apì to
m
3=2
sto m
A
, mèsw th arijmhtik  Ex. (7.4).
Diagrammatik h parat rhsh aut  mpore na anadeiqje me thn parousash kampÔlwn stajeroÔ

NLSP
;m
A
sto eppedo    gia epilegmène ti upìloipe paramètrou tou probl mato. Oi kampÔle
autè mporoÔn na onomasjoÔn isofasmatikè, giat pnw se autè, to fsma th jewra paramènei sta-
jerì, ektì apì to m
3=2
. Dnontai dÔo qarakthristik paradegmata sta Sq. 7.2, 7.3 dialègonta  < 0
kai tan ' 10;m
A
= 450GeV gia to pr¸to kai tan ' 36;m
A
= 775GeV gia to deÔtero. Parathretai
ìti:
 Uprqei perioq  sto eppedo ;  pou apokletai lìgw th apathsh jetikoÔ orismoÔ tou m
0
mèsw
th Ex. (7.2). Aut  eikonzetai sto pnw dex tm ma twn Sq. 7.2, 7.3 kai enai anexrthth apì ti
epimèrou epilogè paramètrwn.
 Me stajerì , aÔxhsh tou  sunepgetai mewsh tou 
NLSP
 Me stajerì , ìtan  > [<℄=6, aÔxhsh tou , sunepgetai mewsh [aÔxhsh℄tou 
NLSP
.
 'Otan  < =6, me stajerì , to mègisto 
NLSP
epitugqnetai ìtan  ' =9. Epomènw, kai
lambnonta upìyh to trto shmeo twn parathr sewn pou èginan parapnw, to mègisto dunatì
7.4 Parametrik  melèth 101
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Sq ma 7.2: KampÔle stajeroÔ 
NLSP
(0, 0.2, 0.4, 0.5, 0.6) sto eppedo    , gia m
A
=
450GeV; tan = 10 kai  < 0 (M
S
= 500GeV). H perioq  pnw apì th diakekomènh gramm  apokleetai.

NLSP
epitugqnetai gia  = :99 kai  ' =9. Me ton ìro mègisto dunatì 
NLSP
noetai to
mègisto 
NLSP
pou mpore na epiteuqje me ìlou tou dunatoÔ sunduasmoÔ ;  qwr ton
sunupologismì kpoiwn kosmologik¸n periorism¸n. O sunupologismì aut¸n twn periorism¸n ja
papsqei to mègisto epitreptì 
NLSP
, 
max
NLSP
.
 'Otan  < =6, uprqei elqisto  gia kje epijumhtì . Autì brsketai ìtan  ' =9. Giautì to
lìgo, oi kampÔle autè èqoun to èna kro tou sto  ' =9 kai den exelssontai pio ktw.
 Sugkrnonta ta dÔo diagrmmata sumperanetai ìti me aÔxhsh tou tan to mègisto dunatì 
NLSP
mei¸netai kai sunep¸ uprqei tan sto opoo to mègisto dunatì 
NLSP
ja enai mhdèn. Apì to
shmeo autì, tan ' 46, h jewra gnetai adiforh kosmologik giat diajètei fortismèno LSP
 O susqetismì tou m
A
me to mègisto dunatì 
NLSP
den èqei melethje se bjo. Gia tan
>

15
kai gia ti fainomenologik epitreptè perioqè paramètrwn apì ton periosmì tou BR(b ! s),
èqei parathrhje ìti me aÔxhsh tou m
A
auxnetai to mègisto dunatì 
NLSP
, prgma pou ax-
iopoietai sthn kataskeu  tou Sq. 7.7 ìpw exhgetai sto Ed. 7.6.1. Antijètw, gia tan
<

15
parathr jhke antjeth sumperifor, dhlad , aÔxhsh tou 
NLSP
me mewsh tou m
A
. To gegonì
autì, anaduknÔetai sthn kataskeu  tou Sq. 7.4, ìpw exhgetai sto Ed. 7.5.
 Me stajerm
A
, 
NLSP
kai tan, to elqistom
3=2
lambnetai me to mègisto , ìpw parat reitai
kai sto sqetikì Pnaka 7.3
Epomènw, to telikì sÔnolo anexrthtwn paramètrwn pou kajorzei pl rw to prìblhma, enai:
tan; sign; 
NLSP
; m
A
:
H parat rhsh th sustol  tou parametrikoÔ q¸rou tou exetazìmenou protÔpou enai polÔ shmantik 
kai adiamfisb thth sÔmfwna me ta stoiqea pou paratèjhkan, an kai den èqei katanohje pl rw. Den
èqei breje, dhlad , h proèleush th idiìthta aut  pou parousizoun oi arqikè sunj ke twn SBT twn
Ex. (7.1)-(7.3).
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Sq ma 7.3: KampÔle stajeroÔ 
NLSP
(0, .02, .03, .04, .042, .046) sto eppedo    , gia m
A
=
775GeV; tan = 37 kai  < 0 (M
S
= 900GeV). H perioq  pnw apì th diakekomènh gramm  apokleetai.
7.5 Fainomenologik  melèth
H fainomenologik  melèth tou protÔpou xekin me ton upologismì tou BR(b ! s) akolouj¸nta to
tupolìgio tou Ed. 3.4.1. Epibebai¸netai kai sthn perptwsh aut  ìti gia  > 0(< 0) to BR(b! s) enai
auxhmèno (ellatwmèno) se sqèsh me autì pou prokÔptei apì ti suneisforè tou SM kai twn fortismènwn
mpozonwn Higgs . Epeid  h suneisfor twn hargino sb nei kaj¸ to m
A
auxnei, sumperanetai ìti
mpore na breje tim  tou m
A
met apì thn opoa to BR(b! s) mpanei kai paramènei sthn peiramatik
epitrept  perioq  th Ex. (3.50). 'Wste, sto megalÔtero mèro tou qrhsimopoioÔmenou parametrikoÔ
q¸rou 3
<

tan, to kat¸tero ìrio sto m
A
mpore na prosdioriste apì thn apathsh BR(b ! s) '
4:5 10
 4
(  ' 2 10
 4
) gia  > 0 (   < 0).
H logik  aut , exhgetai kalÔtera me anafor sto Sq. 7.4. Se autì ektjentai w sunrthsh tou
m
LSP
oi suneisforè sto BR(b ! s) apì to MSSM gia gia tan ' 10 kai gia 
NLSP
= 0:065, ìtan
 > 0 en¸ gia 
NLSP
= 0:6 ìtan  < 0. Oi epilogè gia to 
NLSP
proèrqontai apì tou kosmolìgikoÔ
periorismoÔ ìpw ja fane sto Ed. 7.6.1. Bebaw h tim  tou BR(b ! s) isqur exarttai apì thn
tim  tou m
A
kai polÔ asjenèstera apì th tim  tou 
NLSP
. Perilambnontai oi suneisforè apì to SM,
kai apì to SM sun to fortismèno higgs (SM+H
+
). H gramm  h anaferìmenh sth suneisfor apì to
MSSM gia 
NLSP
= 0:6;  < 0 stamat thn exèlixh th gÔrw sto m
LSP
' 212 GeV giat den enai
dunat  h epteuxh tou (kosmologik) apaitoÔmenou 
NLSP
= 0:6 me megalÔtere timè tou m
LSP
. Autì
enai sÔmfwno me ti parathr sei tou Ed. 7.4.
Se perioqè tou parametrikoÔ q¸rou, ìpou h tan parnei timè megle   endimese, o deÔtero
fainomenologikì periorismì pou prèpei na lhfje upìyh, enai oi SUSY diorj¸sei sth mza tou b-
quark, pou lambnontai apì to tupolìgio tou Ed. 3.3.1. To apotèlesma exarttai isqur apì thn
epilegmènh tim  tou tan, elafrìtata mei¸netai me thn aÔxhsh tou m
A
kai èqei shmeo antjeto tou
qrhsimopoioÔmenou gia to .
Tèlo, gia mikrè timè tou tan to kat¸tero ìrio sto m
A
brsketai prono¸nta na isqÔoun ta
trèqonta peiramatik ìria gia ti mze twn neutralino (50 GeV), hargino (100 GeV) kai elafrìtatou
higgs th Ex. (3.10). Sun jw o teleutao periorismì kalÔptei tou dÔo prohgoÔmenou.
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Sq ma 7.4: To BR(b! s) w sunrthsh toum
LSP
gia tan ' 10;  = 0:65 kai 
NLSP
= 0:065;  > 0
kai 
NLSP
= 0:6;  < 0. Perilambnontai oi suneisforè apì to SM, kai apì to SM sun to fortismèno
higgs (SM+H
+
) kaj¸ kai ta peiramatik ìria.
7.6 Kosmologik apotelèsmata
Mèta thn fainomenologik  èpetai h kosmologik  je¸rhsh tou protÔpou pou fusik, perilambnei ton
upologismì th 

LSP
h
2
. O formalismì tou kefalaou 5 kai eidikìtera th th Ed. 5.5 efarmìzetai gia
to skopì autì. Enai efarmìsimo giat, lìgw twn pagkìsmiwn arqik¸n sunjhk¸n, to LSP prokÔptei na
enai isqur morf  Bino sto megalÔtero mèro tou parametrikoÔ q¸rou. Se perioqè me mikrì tan,
h Bino kajarìthta tou LSP elatt¸netai apì 98% se 94%. SÔnepw, sflma tin upeisèrqetai ston
upologismì th energoÔ diatom  th allhlokatastrof , ìpou to LSP èqei jewrhje kajarì Bino . To
NLSP prokÔptei na enai stau morf  dexiìstrofh sqedìn gia ìle ti timè tou tan.
Ta qarakthristik th 

LSP
h
2
pou parathr jhkan sto Ed. 6.6.1 isqÔoun kai sthn prokemenh
perptwsh. Epiprìsjeta, to 

LSP
h
2
paramènei stajerì sti isofasmatikè kampÔle. Apait¸nta to


LSP
h
2
na brsketai mèsa sthn kosmologik epitrept  perioq  th Ex. (5.4), mpore na kajoriste to
dunatì eÔro tou 
NLSP
. Autì ja enai o telikì proorismì tou upologismoÔ aut  th enìthta.
SÔmfwna me ta anaferìmena sthn eisagwg , to exetazìmeno prìtupo enai epidektikì ìlwn twn
dunat¸n senarwn sqetik me th asumptwtik  sumperifor twn zeÔxewn Yukawa. Sunep¸, eukrinèsterh
parousash twn apotelèsmatwn mpore na gnei, diakrnonta ti paraktw peript¸sei:
7.6.1 Qwr enopohsh Yukawa
Se aut  thn perptwsh, o kajorismì twn asumptwtik¸n tim¸n twn zeÔxewn Yukawa gnetai ìpw peri-
grfetai sto Ed. 6.8.2. Epeid  diatrèqetai ìlo o dunatì q¸ro tim¸n th tan oi CAE Bino-stau-
seletron epiblletai na sumperilhfjoun ston upologismì ma, opìte to tupolìgio tou Ed. 5.5.3 a-
xiopoietai.
Kaj¸ den uprqoun periorismo sqetik me to sign, exetzontai kai oi dÔo dunatè epilogè. H
ousiastik  diafor anmesa sti dÔo, enai ìti ìtan  > 0, megle timè gia to m
A
(kai kat sunèpeia
gia to m
LSP
) apaitoÔntai gia thn esodo sthn peiramatik epitrept  perioq  tou BR(b ! s), apì
to pnw "kat¸fli", opìte uyhlì ekfulismì enai anagkao (
NLSP
' 0) gia na ikanopoihjoÔn ta
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Sq ma 7.5: H epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia tan = 10;  = 0:65 kai  > 0.
kosmologik ìria gia thn 

LSP
h
2
. Antijètw, ìtan  < 0 apaitoÔntai mikrìtere gia to m
A
(kai kat
sunèpeia gia to m
LSP
) gia esodo sthn peiramatik epitrepte perioq  apì to kat¸ "kat¸fli", opìte ìqi
mìno o anagkao ekfulismì enai asjenèsterì (
NLSP
 0) all akìma, uprqoun perioqè, ìpou
epitugqnontai timè gia thn 

LSP
h
2
entì twn apodekt¸n kosmologik¸n orwn, q¸ri kajìlou qr sh
tou mhqanismoÔ suggenik  katastrof . Opwsd pote tètoie perioqè enai arkèta periorismène, gia
tan
<

15 kai fusik akoloujoÔntai apì perioqè sti opoe oi CAE enai proexrqouse.
Kai sti dÔo peript¸sei, o tomèa higgs tou protÔpou diajètei mze barÔtere twn LSPkai NLSP
(m
A
 660 GeV gia  > 0 kai m
A
 340 GeV gia  < 0). Epomènw diadiksie me telikè katastsei
H; A; hH;HH;H
+
H
 
; AA enai kinhmatik apokleismène.
H katstash aut  perigrfetai sta Sq. 7.5 kai 7.6. Sta sq mata aut apeikonzetai h epitrept 
perioq  sto eppedo m
LSP
  
NLSP
gia tan ' 10 kai  > 0    < 0 antstoiqa. Qrin kalÔterou
kajorismoÔ tou protÔpou, kai sta dÔo diagrmmata èqei epilege  = :65 opìte to 
NLSP
rujmzetai
mìno mèsw th paramètrou . St diagrmmata autoÔ tou tÔpou, to m
LSP
mpore na metablletai
anmesa se dÔo ìria. To kat¸tero ìrio sto m
LSP
antstoiqe se BR(b ! s) ' 4:5 10
 4
ga  > 0
  se BR(b ! s) ' 2  10
 4
gia  < 0. Giaut  thn tim  tou m
LSP
epitugqnetai h mègisth epitrept 
diafor mza, 
max
NLSP
h opoa antistoiqe sthn an¸terh arister  gwna tou diagrmmato th epitrept 
perioq . Se autì to shmeo lambnetai 

LSP
h
2
' :22 gia to elqisto m
LSP
. To kat¸tero (an¸tero)
sÔnoro th epitrept  perioq  antistoiqe se 

LSP
h
2
' :09(:22). To an¸tero ìrio sthm
LSP
lambnetai
sthn kat¸terh dexi gwna th epitrept  perioq . Brsketai ìti to an¸tero ìrio sth mza tou LSP
enai perpou m
LSP
<

600GeV, gia  < 0 kai  > 0.
Eidikìtera, sto Sq. 7.5, gia  > 0, parathretai ìti 220 GeV
<

m
LSP
<

630 GeV. To ktw ìrio
antistoiqe sthn tom  tou kldou  > 0 tou BR(b ! s) me to nw peiramatikì ìrio sto Sq. 7.4.
Epomènw, to LSP se aut  thn perptwsh enai sqetik barÔ kai 
max
NLSP
' :065 sqetik mikrì. Fusik,

min
NLSP
= 0. Oi CAE enai shmntikè se ìlh thn perioq  tou diagrammto afoÔ 
NLSP
<

:25. An-
tjeta, sto Sq. 7.6, gia  < 0, elafrìtere mze gia to LSP enai dunatì na epiteuqjoÔn kaj¸
85 GeV
<

m
LSP
<

625 GeV. To ktw ìrio antistoiqe sthn tom  tou kldou  < 0 tou BR(b! s) me
to ktw peiramatikì ìrio sto Sq. 7.4. Sto shmeo autì brsketai ìti 
max
NLSP
' :6 tim  polÔ uyhlìterh
apì thn prohgoÔmenh kai sunep¸, uprqei perioq  85GeV
<

m
LSP
<

120GeV, ìpou oi CAE epitrèpetai
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Sq ma 7.6: H epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia tan = 10;  = 0:65 kai  < 0.
na enai amelhtae, afoÔ eke enai dunatì na epize 
NLSP
 :25. Parìla aut, o mhqansmo twn CAE
enai par¸n se eurÔterh perioq  maz¸n tou LSP , 120 GeV
<

m
LSP
<

625 GeV. Pli 
min
NLSP
= 0.
Uprqoun perioqè tou parametrikoÔ q¸rou, ìpou to 
max
NLSP
den antistoiqe sthn elqisth tim  tou
m
LSP
. Aut  h katstash apeikonzetai sto Sq. 7.7. Sto sq ma autì dnetai h epitrept  perioq  sto
eppedo m
LSP
 
NLSP
gia tan ' 36 kai  < 0. Qrin kalÔterou kajìrismoÔ, epilègetai  = :99 kai
to 
NLSP
rujmzetai mèsw th paramètrou . To m
LSP
mpore na metablletai apì 220 GeV mèqri 614
GeV. To kat¸tero ìrio stì m
LSP
, to opoo antistoiqe se BR(b ! s) ' 2  10
 4
, enai perpou 220
GeV. Parathretai ìti gia aut  thn tim  tou m
LSP
h mègisth diafor mza (.038), h opoa mpore na
epiteuqje me ìle ti dunatè timè th  den epitrèpei na lhfje 

LSP
h
2
' :22 all 

LSP
h
2
' :108.
Aut  h mègisth diafor mza antistoiqe sto shmeo tom  th kajètou kai th keklimènh gramm 
sthn arister  pleur tou diagrmmato sto Sq. 7.7. Auxnonta to m
LSP
to mègisto epitugqìmeno

NLSP
auxnei (kaj¸ fanetai sthn keklimènh arister  pleur tou diagrmmato sto Sq. 7.7 sthn
perioq  :038
<


NLSP
<

:056 ). Mpore, loipìn na breje tim  m
LSP
= 245:1 GeV me 
NLSP
' :056
tètoia, ¸ste 

LSP
h
2
' 0:22. Aut  logzetai plèon w h mègisth epitrept  sqetik  diafor mza. Sto
Sq. 7.3 eikonzetai èna pardeigma epteuxh tou mègistou dunatoÔ 
NLSP
gia kajorismèna m
A
  m
LSP
.
Ta parapnw apotelèmata mporoÔn na genikeutoÔn brskonta to 
max
NLSP
kai to 
min
NLSP
, gia ìle
ti dunatè timè th tan. H genkeush aut  ektjetai sto Sq. 7.8. Se autì to digramma fanetai h
epitrept  perioq  sto eppedo 
NLSP
  tan gia  > 0 (apì thn suneq  mèqri thn diakekomènh gramm )
kai  < 0 (apì thn suneq  mèqri thn estigmènh-diakekomènh gramm ). Ousiastik, katagrfetai h
metaknhsh th pnw arister  koruf  twn diagrammtwn sta Sq. 7.5, 7.6 kai 7.7 metabllonta thn
tan kai apeleujer¸nonta thn parmetro . Enai dunatì na gnei autì, giat ìpw  dh èqei anaferje sto
Ed. 7.4, oi epipt¸sei th jewra se qamhlè enèrgeie elègqontai mìno apì ti paramètrou
NLSP
;m
A
kai ìqi ti ; ; m
3=2
gia stajerì tan kai sign.
EpalhjeÔetai arijmhtik ìti pnta mpore na breje sunduasmì paramètrwn ;  o opoo exasfalzei
ìti 
min
NLSP
= 0 gia kje tim  th tan sto disthma 1:5
<

tan
<

40 kai gia barÔ LSP (perpou 600
GeV) pou epibebai¸nei ìti 

LSP
h
2
' 0:22. Epomènw, epitrèpetai 
min
NLSP
' 0 gia ìle ti qrhsi-
mopoioÔmene timè th tan. Autì, bebaw, den apokleei thn perptwsh Ôparxh sunduasmoÔ tim¸n
;  me ton opoo den mpore na epiteuqje 
min
NLSP
' 0 oÔte gia megle timè tou m
LSP
.
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Sq ma 7.7: H epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia tan = 36;  = 0:99 kai  < 0.
Sqetik me to 
max
NLSP
diakrnontai oi peript¸sei:
a. 'Otan  > 0 kai 3:5
<

tan
<

42    < 0 kai 9
<

tan
<

35:5, to kat¸tero ìrio sto m
LSP
brsketai apì ta ìria th Ex. (3.50) gia to BR(b! s) kai to 
max
NLSP
antistoiqe se aut  thn tim 
tou m
LSP
. Diagrmmata tou tÔpou twn Sq. 7.5, 7.6 enai kurarqa. Gia  > 0, kaj¸ oi timè
th tan auxnontai, h ktw sunoriak  kampÔlh th epitrept  perioq  tou Sq. 7.5 exafanzetai
kai h sqedìn katakìrufh eujea metakinetai pro thn dexi gwna kai ekfulzetai se shmeo ìtan
tan ' 42, opìte lambnetai 

LSP
h
2
' :22 me m
LSP
' 670 GeV kai 
NLSP
' 0.
b. 'Otan  > 0 kai 1:5
<

tan
<

3:5    < 0 kai 1:5
<

tan
<

3, to kat¸tero ìrio sto m
LSP
brsketai apì ta ìria th Ex. (3.10) gia th mza tou h. Se autè ti perioqè h m
h
gnetai polÔ
mikr  (< 90 GeV) gia timè tou m
A
ìqi pra polÔ megle. Epomènw, megalÔtera m
A
  m
LSP
apaitoÔntai gia na anuywje h m
h
sta ìria th Ex. (3.10). Oi epitreptè perioqè enai tou tÔpou
twn Sq. 7.5, 7.6 kai oi epitreptè timè tou 
NLSP
elatt¸nontai taqèw. Perissìtera stoiqea
den dnontai giat tètoie perioqè jewroÔntai mh endiafèrouse fainomenologik.
g. 'Otan  < 0 kai 3
<

tan
<

9   35:5
<

tan
<

41, to kat¸tero ìrio sto m
LSP
brsketai apì to
peiramatikì ìrio sto BR(b ! s) th Ex. (3.50), all to 
max
NLSP
den antistoiqe sthn elqisth
tim  tou m
LSP
. Se autè ti perioqè diagrmmata tou tÔpou tou Sq. 7.7 kuriarqoÔn. Kaj¸
h tim  th tan auxnei èti perissìtero, to katakìrufo tm ma sto aristerì tm ma tou Sq. 7.7
eklepei kai to keklimèno tm ma kinetai apì arister prì ta dexi me, kai sth sunèqeia, qwr thn
parousa th ktw sunoriak  kampÔlh. 'Otan tan ' 41, h epitrept  perioq  tou Sq. 7.7 èqei
surriknwje sthn dexi gwna, ìpou lambnetai 

LSP
h
2
' :22 mem
LSP
' 640GeV kai 
NLSP
' 0.
Sumperasmatik, h epitrepìmenh perioq  knhsh tou LSP enai 144 GeV
<

m
LSP
<

670 GeV gia
 > 0 me 
max
NLSP
' 0:166 pou epitugqnetai se tan ' 3:4 kai 72GeV
<

m
LSP
<

640GeV gia  < 0 me

max
NLSP
' 0:93 pou epitugqnetai se tan ' 4:5. Profan¸, to senrio me  < 0 enai pio pronomiakì
apì autì me  > 0 se ì,ti afor ti qamhlè mze tou LSP.
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Sq ma 7.8: H epitrept  perioq  sto eppedo tan   
NLSP
gia  > 0 (apì th suneq  mèqri th
diakekomènh gramm ) kai  < 0 (apì th suneq  mèqri thn estigmèna diakekomènh gramm ).
7.6.2 Me enopohsh b  
Se aut  thn perptwsh, o kajorismì twn asumptwtik¸n tim¸n twn zeÔxewn Yukawa gnetai ìpw peri-
grfetai sto Ed. 6.8.1. SÔmfwna me to Sq. 6.13, h dendrikoÔ epipèdou mza tou b-quark prokÔptei
megalÔterh apì thn peiramatik problepìmenh tim  th Ex. (3.18). Epomènw, to shmeo th SUSY
diìrjwsh ja prèpei na enai arnhtikì, ¸ste na mei¸netai h prokÔptousa mza tou b-quark. Kai afoÔ
to shmeo th SUSY diìrjwsh enai antjeto apì to sign, mìno h epilog   > 0 enai bi¸simh se autì
to senrio. Digramma anlogo tou Sq. 6.14 mpore na kataskeuaste pou deqnetai sthn An. [45℄, to
opoo oriojete thn epitrept  perioq  twn tim¸n th tan w ex :
22
<

tan
<

45 kai  > 0 (7.5)
O periorismì pou edrzetai sth mza tou b-quark ma dnei epiqerhma gia to kat¸tero ìrio th
tan. To an¸tero ìrio tijètai lìgw tou gegonìto ìti me ìlou tou dunatoÔ sunduasmoÔ paramètrwn
;  den mpore na epiteuqje 
NLSP
' 0 kai BR(b ! s) ' 4:5  10
 4
gia tan > 45. H perioq 
1:6
<

tan
<

22 apokleetai, epeid  akìma kai h diorjwmènh mza tou b-quark enai megalÔterh apì to
an¸tero peiramatikì ìrio. H perioq  me tan ' 1:5 enai fainomenologik mh endiafèrousa lìgw twn
elafr¸n maz¸n gia to m
h
kai sunep¸, den melettai peraiterw.
'Opw exhg jhke sto Ed. 7.6.1, h epilog   > 0, anagkastik sunodeÔetai me sqetik barÔ LSP,
prgma pou shmanei ìti h sundrom  twn CAE ja enai krsimh gia thn epteuxh CRD se apodekt
eppeda. Lìgw twn uyhl¸n tim¸n th tan(> 15) pou qrhsimopoioÔntai, o formalismì twn Ed. 5.5.2
enai katlhlo gia ton upologismì twn CAE. Ta apotelèsmata th diereÔnhsh anloga me ti timè
pou parnei h tan taxinomoÔntai paraktw:
a. 'Otan 38
<

tan
<

45, h mègisth epitrepìmenh mza tou LSP enai anuywmènh m
LSP
<

790 GeV.
Autì gnetai katanohtì apì thn akìloujh parat rhsh. Sthn jewroÔmenh perioq  tim¸n th tan, oi
diadikase me telikè katastsei H; A enai kinhmatik epitreptè, giat m
LSP
> m
A
=2; m
H
=2.
Epomènw, h smkrunsh th CRD, h ofeilìmenh sto mhqanismì twn CAE, enai enisqumènh kai
sunep¸, barÔtera LSP epitrèpontai. To fwtografikì ulikì pou uprqei sthn perptwsh aut 
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Sq ma 7.9: H epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia tan = 40:7;  = 0:3 kai  > 0.
epideiknÔetai sto Sq. 7.9, ìpou parousizetai h epitrept  perioq  sto eppedo m
LSP
 
NLSP
, gia
 = 0:3 kai tan ' 40:7 me antistoiqoÔsa m

b
(M
Z
) = 2:63 GeV. Apì to Sq. 7.9 parathretai ìti
470 GeV
<

m
LSP
<

790 GeV kai 
max
NLSP
' :028.
b. 'Otan 22
<

tan
<

34, oi diadikase me telikè katastsei H , A gnontai kinhmatik aneptre-
pte, afoÔ prokÔptei m
LSP
< m
A
=2;m
H
=2 kai epomènw, to an¸tero ìrio sth mza tou LSP
elatt¸netai m
LSP
<

580GeV. 'Ena antiproswpeutikì pardeigma th diamorfoÔmenh katstash
se aut  thn perioq  dnetai sto Sq. 7.10. Epilègontai  = 0:5 kai tan ' 28:5 me antistoiqoÔsa
m

b
(M
Z
) = 2:98 GeV. Parathretai ìti me 
NLSP
= 0 kai gia thn elqisth fainomenologik
epitrepìmenh tim  m
LSP
= 370 GeV epitugqnetai to kat¸tero kosmologikì ìrio .09. Epìmenw,
ta sq mata tessrwn pleur¸n pou sunant jhkan mèqri t¸ra sto eppedo m
LSP
 
NLSP
metatrè-
pontai se tri¸n pleur¸n. To pedo diakÔmansh tou m
LSP
enai 370GeV
<

m
LSP
<

577 GeV kai

max
NLSP
' :021. 'Wste, isqurì ekfulismì apaitetai gia na ikanopoihjoÔn ta kosmologik ìria.
g. 'Otan 34
<

tan
<

38 h mza tou LSP gia orismèna m
A
enai kont sti mze m
A
=2; m
H
=2 kai
epomènw, h CRD gnetai polÔ mikr , kai h epitrept  sqetik  diafor mza terstia. H perioq 
aut  den exetzetai peretarw, giat apì th mia o formalismì tou Ed. 5.5 enai anefrmosto kai
apì thn llh giat perioqè paramètrwn kont se pìlou enai apomonwmène kai epìmenw, ìqi
idiaitèrw endiafèrouse. H Ôparxh aut  th ekkentrik  perioq  enai kai h aita pou den gnetai
kai digramma anlogo tou Sq. 7.8 sthn perptwsh th enopohsh b   .
7.6.3 Me b-t kai pl rh enopohsh Yukawa
H perptwsh th b-t enopohsh twn zeÔxewn Yukawa mpore na aporrifje. Kai autì, diìti h fain-
omenologik epitrept  perioq  42
<

tan
<

48 enai kosmologik apardekth afoÔ h mza tou LSP
prokÔptei na parnei polÔ megle timè prokal¸nta aÔxhsh th CRD twn LSP se mh apodekt eppeda
apì ta CDM senria.
'Ena prìsjeto probl ma ensk ptei me thn prospjeia melèth th perptwsh th pl rou enopohsh
Yukawa pou epsh exetsthke. H mza tou elafrìterou stau prokÔptei mikrìterh kai apì aut  tou
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neutralino. To prìblhma autì mpore na atimetwpiste me thn eisagwg  kpoiwn D-ìrwn proteinìmenwn
sthn An. [76℄ oi opooi epitugqnoun th rÔjmish th sqetik  apìstash anmesa sti mze twn dÔo
elafrìtatwn swmatwn th jewra.
To epìmeno er¸thma pou anadÔetai enai h ikanopohsh tou desmoÔ gia th mza tou b-quark. H uyhl 
tim  sth dendrikoÔ epipèdou mza tou b-quark ma anagkzei sth je¸rhsh apokleistik tou jetikoÔ
shmeou gia thn parmetro . Me thn epilog  aut  h prokÔptousa mza tou b-quark elatt¸netai, all h
elttwsh aut  enai isqur drastik  me katlhxh thn parabash tou kat¸terou peiramtikoÔ orou (2.17
GeV). H mh mhdenik  asumptwtik  tim  sthn trigrammik  zeÔxh, A
0
(se antjesh me to prìtupo tou
kefalaou 6) enai en lìgo gia autì to arnhtikì apotèlesma. Epomènw, o periorismì gia th mza
tou b-quark den mpore na ikanopoihje sthn perptwsh aut .
Epiprìsjeta, h eptrepìmenh mza gia to LSP apì ton periorismì tou b ! s anamènetai na e-
nai megalÔterh apì 800 GeV kai sunep¸, akìma kai h energopohsh tou mhqansmou twn CAE ston
upologismì th 

LSP
h
2
apodeiknÔetai atelèsforh.
7.7 Sumpersmata
Sto keflaio autì melet jhkan oi qamhl¸n energei¸n sÔnepeie mia ekdoq  tou MSSM me parab-
ash th hlekrasjenoÔ summetra mèsw kbantik¸n diorj¸sewn kai arqikè sunj ke gia tou SBT
proerqìmene apì th Jewra Horava-Witten. O parametrikì q¸ro periorzetai apait¸nta tautìqronh
ikanopohsh fainomenologik¸n kai kosmologik¸n krithrwn. Sugkekrimèna, apaitetai h mza tou b-quark
me thn prosj kh twn SUSY diorj¸sewn kai to BR(b! s) na enai sumbat me ta peiramatik dedomèna
kai epsh h CRD twn LSP na brsketai mèsa sta epiballìmena apì ta CDM senria ìria. Sungetai
ìti h pl rh kai h b-t enopohsh twn zeÔxewn Yukawa mporoÔn na aporrifjoÔn en¸ h b- enopohsh den
enai eunoik  giat apaite meglo ekfulismì maz¸n anmesa sti mze twn LSP kai NLSP. Autì to
fainìmeno mpore na apofeuqje sthn perptwsh th mh enopohsh twn zeÔxewn Yukawa ìpou h mza tou
LSP mpore na enai mèqri kai 70 GeV.
Keflaio 8
Sumpersmata
Skopì th diatrib  pou parousisthke,  tan h katjesh mia poyh sqetik me to prìblhma th
Skotein  'Ulh axiopoi¸nta to swmatidiakì perieqìmeno tou MSSM. Gia thn ulopohsh autoÔ tou stì-
qou epistrateÔthkan gn¸sei apì th fainomenologa tou MSSM kai th sÔgqronh Kosmologa. Autè
ektèjhkan sto pr¸to mèro th diatrib , sta keflaia genik  anafor, 2, 3, 4. Sto keflaio jemel-
wsh th sunergasa Kosmologa kai Fusik  Stoiqeiwd¸n Swmatidwn, 5 anaptÔqjhke h mèjodo
upologismoÔ th CRD twn LSP. Tèlo, h arijmhtik  ulopohsh twn ide¸n aut¸n parousisthke sta
ereunhtik keflaia th diatrib , 6, 7. O apologismì th ereunhtik  aut  enasqìlhsh enai to
antikemeno autoÔ tou epilogikoÔ shmei¸mato.
Genikì sumpèrasma th diatrib , anexart to th epilog  swmatidiakoÔ protÔpou, enai ìti èna LSP
morf  Bino apotele epituq  upoy fio gia CDM. Oi CAE enì tètoiou LSP me to lgo barÔtero tou stau
(  kai me ta seletron, an oi mze tou brskontai se mikr  apìstash) enai èna apofasistik  shmasa
fainìmeno, pou sumbllei sth mewsh th CRD twn LSP se epitrept eppeda. Lambnonta upìyh ta
epiballìmena apì ta CDM senria ìria, o parametrikì q¸ro tou meletoÔmenou protÔpou upoblletai
se drastikoÔ periorismoÔ pou aforoÔn ti mze twn elafrìterwn swmatwn th jewra. Epiprìsjetoi
periorismo mporoÔn na antlhjoÔn apì th fainomenologa twn SUSY diorj¸sewn sth mza tou b-quark
kai th diadikasa b! s.
To plasio melèth efarmìsthke se dÔo ekdoqè touMSSM me pagkìsmie arqikè sunj ke gia tou
SBT, enopohsh twn zeÔxewn Bajmda kai parabash th hlektrasjenoÔ summetra mèsw kbantik¸n
diorj¸sewn. Eidikìtera, ta prìtupa pou exetsthkan enai:
 To MSSM me enopohsh Yukawa. Diakrnontai dÔo peript¸sei:
{ An  < 0, to prìtupo enai sumbatì me ta peiramatik ìria gia to BR(b! s), ìmw h mza
tou b-quark ketai anwtèrw twn peiramatik¸n orwn. Jewr¸nta ìti to gegonì autì mpore
na rujmiste me kpoio trìpo, h epibol  twn kosmologik¸n desm¸n odhge sto sumpèrasma
ìti h mza tou LSP mpore na kumanetai apì 215 GeV w 770 GeV me th mza tou NLSP na
mpore na enai apì 8-0% megalÔterh.
{ An  > 0, to prìtupo enai sumbatì me ta peiramatik ìria gia th mza tou b-quark kai
tautìqronh ikanopohsh twn kosmologik¸n periorism¸n kai autoÔ pou phgzei apì to BR(b!
s) mpore na epiteuqje se mikr  perioq  tou parametrikoÔ q¸rou.
 To MSSM proerqìmeno apì th jewra Horava-Witten. Tautìqronh epibol  twn fainomenologik¸n
kai kosmologik¸n periorism¸n odhge sto sumpèrasma ìti to prìtupo den enai sumbatì me thn
enopohsh Yukawa kai b-t, apaite meglo ekfulismì sti mze twn elafrìtatwn swmatwn th
jewra me enopohsh b- , kai parèqei megalÔterh eukaria epilog¸n gia ti mze autè sthn
perptwsh th mh enopohsh Yukawa, kat th opoa h mza tou LSP mpore na kumanetai apì 70
GeV w 670 GeV me th mza tou NLSP na mpore na enai apì 93-0% megalÔterh.
Sumpersmata, kai mlista idiaitèrw qr sima, giat apoteloÔn efalt rio gia peraitèrw melèth,
apoteloÔn kai oi aneprkeie enì ereunhtikoÔ pon mato. Autè enai oi akìlouje:
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 Sqetik me thn ekdoq  tou MSSM me enopohsh Yukawa:
{ RÔjmish tou probl mato th mza tou b-quark sthn perptwsh  < 0. 'Opw anafèrjhke kai
sto Ed. 6.5.1 oi SUSY diorj¸sei den enai oi mìne pou mpore na lbei h mza tou b-quark.
Se èna pl re prìtupo SO(10) enai dunatìn na prokÔyoun kai lle diorj¸sei kai epomènw
na dieujethje to prìblhma th mza tou b-quark, to opoo, an lhfje sobar upìyh periorzei
kat polÔ ton parametrikì q¸ro twn protÔpwn me enopohsh Yukawa. 'Wste, mia genikìterh
melèth tou tomèa twn fermionwn se prìtupa SO(10) enai epibeblhmènh.
{ Exètash th perptwsh ìpou A
0
6= 0. 'Olh h diapragmteush tou protÔpou me enopoi sh
Yukawa eqe perioriste sthn perptwsh A
0
= 0. H diaforopohsh apì thn tim  aut  den
anamènetai na èqei shmantik  epptwsh sth sumperifor twn apotelesmtwn, kai dh, pro to
kalÔtero. Idiatera ta qarakthristik tou fsmato th jewra paramènoun ametblhta. U-
prqoun, ìmw, kpoie CAE pou ephrezontai apì thn epilog  aut , afoÔ gia ton upologismì
tou qrhsimopoioÔntai sÔmbola g pou perièqoun sti ekfrsei tou ti trigrammikè zeÔxei.
Epomènw, mia metaknhsh apì thn epilog  A
0
= 0 ja  tan mia endiafèrousa empeira.
{ Eisagwg  twn sfalmtwn ston upologismì tou BR(b ! s) kai kataskeu  th epitrept 
perioq  sthn perptwsh tou  > 0. An kai èqei gnei mia perigraf  th epitrept  perioq 
pou prokÔptei se aut  thn perptwsh, sto Ed. 6.6.2, h eisagwg  twn sfalmtwn ja sunèballe
sth dieÔruns  th gia lìgou pou eke exhg jhkan.
 Sqetik me thn ekdoq  touMSSM apì th Jewra Horava-Witten ja  tan qr simh, ìqi ìmw krsimh,
h eisagwg  twn NLO diorj¸sewn th QCD ston upologismì tou BR(b ! s). Aut  h prosj kh
anamènetai na elatt¸sei ti dunatè timè twn m
min
LSP
kai sunep¸, na aux sei ti timè twn 
max
NLSP
.
H dieÔrunsh twn epitrept¸n perioq¸n pou mpore na epiteuqje me ton trìpo autì, opwsd pote den
alloi¸nei apofasistik to qarakt ra twn sumperasmtwn tou Kefalaou 7.
 Melèth th elastik  skèdash twn neutralino apì tou pur ne. To LSP mpore na aniqneute
apì thn elastik  tou sÔgkroush me tou pur ne. Mlista, prìsfata enai kpoia apotelèsmata
apì to perama DAMA, ta opoa bebai¸noun th sÔllhyh enì s mato pou mpore na proèrqetai
apì mesh anqneush enì neutralino. Apì tètoia peiramatik dedomèna mpore kane na bglei
sumpersmata gia thn tautìthta tou LSP, thn kajarìthta tou kai th mza tou. Epìmenw, èna
epìmeno b ma th melèth gia thn upoyhfiìthta tou LSP gia CDM enai o upologismì th energoÔ
diatom  th skèdas  tou me tou pur ne.
 Prosj kh D-ìrwn sti arqikè sunj ke gia tou SBT. Se ìlh th dirkeia th diatrib , melet jh-
ke h perptwsh twn pagkìsmiwn arqik¸n sunjhk¸n gia tou SBT. EntoÔtoi, uprqei dunatìthta
metaknhsh apì aut  thn epilog  sta plasia twn meletoÔmenwn protÔpwn, sÔmfwna me ti An. [67℄
kai [76℄, me thn prosj kh kpoiwn D-ìrwn sti arqikè sunj ke gia tou SBT. Bebaw, me ton
trìpo autì, oi arqikè sunj ke paÔoun na enai pagkìsmie kai mia epiplèon aujairesa eisgetai.
Me aut  thn prosj kh, ìmw, mporoÔn na epiteuqjoÔn oi fainomenologiko kai kosmologiko stìqoi
eukolìtera. Mia epiprìsjeth duskola pou ensk ptei se tètoia kataskeÔasmata enai ìti to LSP
paÔei na enai isqur morf  Bino, opìte h diadikasa tou Ed. 5.5.1 den prosfèrei axiìpista
apotelèsmata kai prèpei na epektaje.
 Leptomereiak  melèth twn diaÔlwn twn ANE. H aplopohsh pou epiqeir jhke sto Ed. 5.5 mèsw th
Ex. (5.88), an kai pl rw aitiologhmènh, lìgw twn arijmhtik¸n eurhmtwn sti peript¸sei pou
efarmìsthke, den paÔei na apotele mia prosèggish. Epsh sto Ed. 7.6 parathr jhke mia arket
anhsuqhtik  metatìpish apì aut  thn katstash gia kpoie qamhlè timè th tan. Epsh,
uprqei martura th An. [53℄ ìti h zeÔxh neutralino-neutralino-A akìma kai me mia mikr  higgsino
suneisfor mpore na sumbllei energ sthn tapenwsh th CRD twn LSP. Gia ton èlegqo ìlwn
aut¸n twn amfiboli¸n ja  tan qr simh h pio diexodik  melèth twn diaÔlwn twn ANE mèsw tou
parart mato th An. [63℄.
Par ti elleyei pou epishmnjhkan, h diatrib  den paÔei na apotele mia prospjeia èkjesh twn
problhmtism¸n kai twn anazht sewn pnw se jèmata Skotein  'Ulh kai fainomenologa tou MSSM.
Kai w tètoia, tjetai pro axiolìghsh.
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Parrthma Aþ
Exis¸sei Epanakanonikopohsh
Aþ.1 Eisagwg 
Sto parrthma autì, ektjentai oi exis¸sei epanakanonikopohsh (RGE) gia ti zeÔxei Bajmda kai
Yukawa sto sq ma epanakanonikopohsh MS kai gia tou ìrou asjenoÔ SUSY parabash pou qrhsi-
mopoioÔntai sto arijmhtikì prìgramma. Basik  phg  proèleush tou tupolìgiou enai oi An. [10℄ kai [11℄.
Aplopoi sei, dieujet sei kai prosarmog  tou sumbolismoÔ enai h dik  ma parèmbash.
Aþ.2 Oi RGE gia ti zeÔxei Bajmda kai Yukawa
'Opw eqei anaferje sto Ed. 6.3, dÔo sust mata RGE qrhsimopoioÔntai gia ti zeÔxei Bajmda kai
Yukawa . Autì tou MSSM gia to trèximo twn paramètrwn apì thn klmaka enopohsh, M
G
mèqri th
qamhl  pronomiak  klmaka M
S
th Ex. (3.1), kai autì tou SM gia to trèximo apì thn klmaka M
S
mèqri thn klmaka M
Z
. Epeid  h energeiak  apìstash M
G
-M
S
enai meglh, ( 10
15
GeV) epiblletai
kal  akrbeia sthn exèlixh twn paramètrwn se aut  th diadrom . Gi autì, kai qrhsimopoioÔntai oi RGE
tou MSSM se eppedo dÔo brìqwn. Antijètw, lìgw th mikr  energeiak  apìstash M
S
-M
Z
, oi RGE
tou SM se eppedo enì brìqou parèqoun ikanopoihtik apotelèsmata. Metablht  olokl rwsh enai h
t = lnM me M thn thn tuqaa klmaka enèrgeia.
Paraktw parousizontai oi RGE tou:
a. MSSM se eppedo dÔo brìqwn gia ti zeÔxei:
 Bajmda:
dg
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=
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ìpou oi qrhsimopoioÔmene stajerè enai stoiqea twn dianusmtwn:
(b
i
) = (
33
5
; 1; 3) ; (Aþ.5)
(
i
) = (
13
15
; 3;
16
3
) ; (Aþ.6)
(
0
i
) = (
7
15
; 3;
16
3
) ; (Aþ.7)
(
00
i
) = (
9
5
; 3; 0) ; (Aþ.8)
d
i
= 
0
i
  
00
i
(Aþ.9)
kai twn pinkwn:
(b
ij
) =
8
>
>
>
>
>
>
>
>
:
199
25
27
5
88
5
9
5
25 24
11
5
9 14
9
>
>
>
>
>
>
>
>
;
; (Aþ.10)
(a
ij
) =
8
>
>
>
>
>
>
>
>
:
26
5
14
5
18
5
6 6 2
4 4 0
9
>
>
>
>
>
>
>
>
;
: (Aþ.11)
b. SM gia ti zeÔxei:
 Bajmda, se eppedo dÔo brìqwn:
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 Yukawa, se eppedo enì brìqou:
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ìpou oi qrhsimopoioÔmene stajerè enai stoiqea twn dianusmtwn:
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Aþ.3 Oi RGE gia tou ìrou asjenoÔ parabash th SUSY
Opw èqei anaferje kai sto kurw tm ma th diatrib , oi ìroi asjenoÔ parabash th SUSY proèrqon-
tai apì thn uperbarÔthta kai enai mze gia ta gauginos kai ta salars kai oi trigrammikè zeÔxei. Gia
ti parmetre autè, èna sÔsthma RGE qrhsimopoietai, pou dièpei thn exèlix  tou sto energeiakì
disthma M
G
-M
S
. Mèta to M
S
oi parmetre autè enai pagwmène. Axioprìsekto, epsh, enai ìti
sthn anlush pou akoloujetai, oi RGE twn  kai B den qrhsimopoioÔntai.
Paraktw parousizontai oi RGE se eppedo enì brìqou gia ti:
a. Asjene mze twn gauginos :
dM
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=
1
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b. Trigrammikè zeÔxei twn:
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 Elafr¸n gene¸n (ektjentai an kai den qrhsimopoioÔntai sto arijmhtikì prìgramma):
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Oi fktore 
i
, 
0
i
kai 
00
i
dnontai apì ti Ex. (Aþ.6), (Aþ.7) kai (Aþ.8).
b. Asjene mze twn salars twn:
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Parrthma Bþ
Kanìne Feynman kai Efarmogè
Bþ.1 Eisagwg 
Skopì tou parart mato autoÔ enai h omadopohsh twn ergalewn pou qrhsimopoi jhkan sthn ajèath
pleur aut  th diatrib , pou se analutikì eppedo,  tan o upologismì plat¸n allhlepdrash. Kata-
graf  twn sumbsewn kai twn normalism¸n pou uiojet jhkan gnetai sto Ed. Bþ.2 kai akolouje sto
Ed. Bþ.3 h anglufh parousash twn kanìnwn pou qrhsimopoi jhkan gia ton upologismì twn ANE kai
CAE. Oi kanìne auto sunodeÔontai kai me tra apl paradegmata efarmog  sto Ed. Bþ.4. Tupolì-
gio Dira-ologa, upologismoÔ iqn¸n kai sntouit pinkwn , kaj¸ kai metatrop  twn anallowtwn
sumplegmtwn orm  me qr sh twn metablht¸nMandelstam de qrhsimopoi jhke gia autì kai den ektje-
tai. Arwgì sthn anapìfeukth aut  diadikasa eqame to pakèto FeynCal [80℄ pou pareqe gr gora kai
axiìpista apotelèsmata.
Bþ.2 Sumbsei-Kanonikopoi sei
O upologismì twn ANE kai CAE bassthke sti An. [12℄ kai [13℄. Apì autè epomènw, antloÔntai kai
oi basikè sumbsei pou ja anaferjoÔn pio ktw. Katabl jhke prospjeia periorismoÔ tou tupolìgiou
mìno sti telew anagkae sqèsei pou ja epitrèyoun ton eÔkolo kai taqÔ katatopismì tou anagn¸sth.
H metrik  Minkowski pou qrhsimopoietai enai:


:= diag(+1; 1; 1; 1) (Bþ.1)
Bþ.2.1 -Pnake
Oi pinke 

; orzontai apì ti gnwstè antimetajetikè sqèsei:
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kai oi proboliko ek-telestè w ex :
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me bohjhtik  sqèsh
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H anaparstash pou epilègetai enai:
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ìpou
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me ~(
i
) tou gnwstoÔ 2 2 pnakè Pauli.

1
=
8
>
:
0 1
1 0
9
>
;
; 
2
=
8
>
:
0  i
i 0
9
>
;
; 
3
=
8
>
:
1 0
0 1
9
>
;
(Bþ.7)
O pnaka suzuga fortou pou orzetai C = i
2

0
èqei ti akìlouje idiìthte:
C
y
= C
 1
; C
T
=  C; C
 1


[
5
℄C =  
T

[+
T
5
℄: (Bþ.8)
Bþ.2.2 Spinors
Oi spnore u(p); v(p) gia fermiìnia Majorana   Dira sqetzontai mèsw twn sqèsewn
u(p) = Cv
T
(p); v(p) = Cu
T
(p) (Bþ.9)
u(p) =  v
T
(p)C
 1
; v(p) =  u
T
(p)C
 1
(Bþ.10)
ìpou oi spnore fèronteorzontai kat ta gnwst
u(p) = u(p)
y

0
kai v(p) = v(p)
y

0
(Bþ.11)
Oi dekte pou anafèrontai sto spn èqoun paralhfje apì tou spnore u(p); v(p), qrin aplìthta.
H jroish se autoÔ tou dekte gia fermiìnio sugkekrimènh orm , prosfèroun ti paraktw sqèsei
orjokanonokopohsh:
X
spin
u(p)u(p) = p=+m;
X
spin
v(p)v(p) = p= m; (Bþ.12)
X
spin
u(p)v
T
(p) = (p=+m)C
T
;
X
spin
v(p)v(p) = C
 1
(p= m); (Bþ.13)
X
spin
v
T
(p)u(p) = C
 1
(p=+m)
X
spin
v(p)u
T
(p) = (p= m)C
T
: (Bþ.14)
'Ena Dira spnora 	 mpore na grafe qrhsimopoi¸nta 2Weyl spnore dÔo diastsewn o kajèna.
Kaj¸ h diatrib  den eisèrqetai se leptomèrie dom  th SUSY, de jewretai skìpimh h eisagwg  tou
formalismoÔ twn dÔo diastsewn spinors. Apl dnetai èna tÔpo pou jemeli¸nei th susqètish twn dÔo
antikeimènwn.
	 =
8
>
:
 
L
 
y
L
9
>
;
=
8
>
:
 
L
 
R
9
>
;
(Bþ.15)
Epomènw, èna tupikì ìro mza me spnore Dira grfetai:

		 =  

L
 
L
+  
y
L
 

L
y
=  
y
R
 
L
+  
y
L
 
R
(Bþ.16)
ìpou  

= C

 
T
. Oi mze twn fermionwn tou MSSM parèqontai apì tètoiou ìru mza. O dekth L
sumpièzetai sto tupolìgio tou Ed. 2.2.2.
Bþ.2.3 Danusma pìlwsh
'Allo qr simo normalismì afor to danusma pìlwsh enì mpozwnou bajmda. Kai pli qrin
aplìthta, oi dekte pou aforoÔn thn katstash pìlwsh tou mpozwnou sumpièzontai. H jroish pnw
se autoÔ parèqei th sqèsh orjokanonokopohsh, pou enai:
X
polarisation



(p)

(p) =  

+
p

p

m
2
(Bþ.17)
ìpou o deÔtero ìro paralepetai sthn perptwsh mazou swmatou.
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Bþ.3 Kanìne Feynman
'Otan ta emplekìmena stou upologismoÔ fermiìnia anaparstantai me spnore duo sunistws¸n, oi
sun jei kanìne Feynman tropopoioÔntai elafr¸. Pl rh perigraf  gnetai sto parrthma th An.
[13℄. Ed¸ anapargontai mìno oi kanìne Feynman pou antistoiqoÔn sti peript¸sei twn diagrammtwn
pou upologsjhkan.
Bþ.3.1 Genik
a. Exwterik tm mata
p
p
p
p
p
a
b
a
b
a
b
a
b


(p)
1
v(p)
ab
u(p)
ba
v(p)
ab
u(p)
ba
b. Eswterik tm mata
p
p
p
a
b
i( 

+ p

p

=m
2
)=(p
2
 m
2
)
i=(p
2
 m
2
)
i

(p=+m)=(p
2
 m
2
)

ab
Ta qrhsimopoioÔmena bèlh sta fermionik kra anafèrontai se ro  fermionikoÔ arijmoÔ kai ìqi se
for orm . H orm  kateujÔnetai apì ta dexi pro ta arister. Oi deiknuìmenoi sto diadìth kai sta
kra twn fermionkwn gramm¸n dekte a; b enai pinakiko kai trèqoun sti timè 1   4. Profan¸ oi
ìroi mza sto diadìth twn dianusmatik¸n mpozonwn paralepontai ìtan aut enai maza.
Bþ.3.2 Kìmboi Feynman
Se aut  thn enìthta ektjentai oi kìmboi Feynman pou qrhsimopoi jhkan gia ton upologismì twn shman-
tik¸n CAE. An kai ìloi oi kìmboi pou ja parousiastoÔn ed¸ perièqontai sti An. [12℄ kai [13℄, h ana-
dhmoseus  tou de jewretai pleonasmì, giat afenì men omadopoioÔntai kai exeidikeÔontai gia th
meletoÔmenh perptwsh kai afetèrou, me th dÔnamh th ekona anadeiknÔetai pio eÔglwtta o formalis-
mì pou akolouj jhke kai uiojet jhke stou pnake 5.4, 5.5.
Sti zeÔxei pou upeisèrqetai slepton, epilègetai h parousash twn sqetik¸n kìmbwn me stau, giat
autì pazei kentrikìtero rìlo ston upologismì ma. H anagwg  se kpoio seletron apì ti elafrìtere
geneè gnetai eukìlw me ti antikatastsei 

= 1; s

= 0;m

= 0. Oi kanìne gia tou kldou pou
fèroun ~

2
lambnontai me antistrof  twn orm¸n stou kldou pou fèroun ~
2
. Tèlo, to sÔmbolo [...℄
qrhsimopoietai me diazeuktik  dijesh.
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a. stau-tau-bino
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 ~~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b. gauge boson-tau-tau
iZ





Z
ie
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= g
Z
(L
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g. gauge boson-stau-stau
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)
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d. gauge boson-gauge boson-stau-stau
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e. gauge boson-higgs-higgs
 ig
Z

W
H
 
H
+
Z
 ie
H
 
H
+

st. gauge boson-gauge boson-gauge boson
 ig
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z. higgs-stau-stau
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h. higgs-higgs-stau-stau
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j. higgs-higgs-higgs
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i. higgs-gauge boson-gauge boson
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ia. higgs-fermion-fermion
ig
A


A
ig
h[H℄


h[H ℄
ig
h[H℄tt
t
t
h[H ℄
g
h[H℄tt
=  
gm
t
2M
W


[s

℄
s

; g
h[H℄
=
gm

2M
W
s

[ 

℄


; g
A
=  
gm

2M
W
tan
Bþ.4 Upologismì plat¸n allhlepdrash 131
Bþ.4 Upologismì plat¸n allhlepdrash
Upodeigmatik kai entel¸ endeiktik skiagrafetai paraktw o upologismì tri¸n diadikasi¸n apì thn
plhj¸ra aut¸n pou upologsjhkan kat th diarkeia th ergasa aut . Krit ria twn epilog¸n ma  tan
h antiproswpeutikìthta twn paradeigmtwn, h aplìthta th katstrwsh twn arqik¸n ekfrsewn kai h
suntoma tou telikoÔ apotelèsmato.
Bþ.4.1 Diadikasa ~~
2
! 
~
2
~



p
2
p
1
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1
+ p
2
k
1
k
2
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2
p
1
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k
1
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2
(b)(a)
~
~
2


~
2
Sq ma Bþ.1: Ta diagrmmata Feynman pou suneisfèroun sthn energì diatom  Suggenik  Katastrof 
~~
2
!  mèsw twn diaÔlwn allhlepdrash s, (a) kai t, (b)
W ekprìswpo twn diadikasi¸n me ~  ~
2
sti arqikè katastsei epilègetai o aploÔstero dÔnato
me èxodo ta swmtia    . Brskontai diadoqik:
 To plto allhlepdrash pou antistoiqe sto kanli s, Sq. Bþ.1 (a)
A
s
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e
s
u(k
1
)

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
u(k
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)

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)
ìpou qrhsimopoi jhke h Ex. (Bþ.4). To tetragwnismèno plto me qr sh twn Ex. (Bþ.12) kai (Bþ.17)
grfetai:
jA
s
j
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2
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2
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(Bþ.18)
 To plto allhlepdrash pou antistoiqe sto kanli t, Sq. Bþ.1 (b)
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ìpote paromow me to prohgoÔmena, exgetai to tetragwnismèno plto:
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(Bþ.19)
 O ìro anmixh twn kanali¸n s kai t, pou me axiopohsh twn Ex. (Bþ.4), (Bþ.12) kai (Bþ.17) grfetai:
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Sq ma Bþ.2: Ta diagrmmata Feynman pou suneisfèroun sthn energì diatom  Suggenik  Katastrof 
~
2
~

2
! hH mèsw twn diaÔlwn allhlepdrash s, (a), t, (b), u, (d), , (g)
O pargonta 1/2 pou fanetai sta tetragwnismèna plth ofeletai sth mèsh tim  pou lambnetai pnw
sta arqik spn. Antijètw, ta telik spn apl¸ ajrozontai. To FeynCal analambnei na upologsei
ta qnh twn Ex. (Bþ.18), (Bþ.19) kai (Bþ.20), na eisgei ti metablhtè Mandelstam kai na ajrosei ta
epimèrou apotelèsmata, opìte to telikì exagìmeno, enai:
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#
H orjìthta eidik autoÔ tou upologismoÔ èqei epalhjeute kai se idiwtik  epikoinwna me ton kajhght 
M. Drees mèsa sta plasia sÔgkrish apotelesmtwn twn An. [44℄ kai [57℄.
Bþ.4.2 Diadikasa ~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~

2
! hH
H diadikasa ~
2
~

2
! hH apotele th bsh th genikeumènh fìrmoula pou dìjhke gia ti diadikase me
swmtia higgs sti telikè katastsei. Lìgw twn bajmwt¸n exwterik¸n podi¸n, sta plth upeisèrqontai
mìno zeÔxei kai diadìte. Sunakìlouja, kai oi ormè mporoÔn na mhn tejoÔn sta diagrmmata tou Sq.
Bþ.2, giat enai profane oi suneisforè se kje kanli. Mikr  prosoq  qreizetai sto prìshmo tou
diagrmmato epaf  pou prèpei na enai diaforetikì apì ta all, giat se autì, emfanzetai mìno èna i
en¸ st lla, emfanzontai tra i, èna apì to diadìth kai dÔo apì ti korufè, opìte to sunolikì prìshmo
enai  i.
Dnetai apeujea to tetragwnismèno plto, pou enai:
jAj
2
=




g
h
g
hhH
s m
2
h
+
g
H
g
hHH
s m
2
H
+
g
h1
g
H1
t m
2
~
1
+
g
h
g
H
t m
2
~
2
  g
~
2
~
2
hH
+
g
h1
g
H1
u m
2
~
1
+
g
h
g
H
u m
2
~
2




2
Kje ìro tou prohgoÔmenou ajrosmato antistoiqe sto plto kajenì apì ta diagrmmata tou
Sq. Bþ.2 (a)-(d). To dio tetragwnismèno plto qwr ta kanlia t(~
1
); u(~
1[2℄
) dnetai kai sthn An. [64℄
kalÔptonta mis  kai plèon selda, me formalismì profan¸ pio dusnìhto apì ton akoloujoÔmeno ed¸.
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Sq ma Bþ.3: To digrammata Feynman pou suneisfèrei sthn energì diatom  Suggenik  Katastrof 
~
2
~e
R
! e mèsw tou diaÔlou allhlepdrash t
To teleutao pardeigma pou epilègetai, emperièqei sleptons twn elafrìterwn gene¸n. Uprqei, e-
pomènw, zeÔxh pou prokÔptei apì ti ektejhmène sto Ed. Bþ.3.2 me ti antistoiqe pou eke anafèrontai.
Sugkekrimèna,
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Exoplismènoi kai me autì to efìdio, mporoÔme na epitÔqoume thn èkfrash gia to plto th allh-
lepdrash pou eikonzetai kai sto Sq. Bþ.3:
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ìpou qrhsimopoi jhkan oi Ex. (Bþ.4) kai (Bþ.9). Telik, gia to tetragwnismèno plto, lambnetai:
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To FeynCal analambnei na upologsei to qno th prohgoÔmenh èkfrash kai na eisgei ti metabl-
htè Mandelstam, opìte to telikì apotèlesma enai:
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Parrthma Gþ
AkronÔmia
Me stìqo thn apofug  parermhnei¸n kai th safèsterh diatÔpwsh, uiojet jhkan kpoia sunjhmatik
akronÔmia se ìlh thn porea th exèlixh tou keimènou. Ta perissìtera apì aut enai empneusmèna apì
ta arqik twn antstoiqwn latinik¸n lèxewn. Jewretai, loipìn epibeblhmènh h katagraf  tou maz me
ti lèxei katagwg  tou kai th metfrash aut¸n, h opoa merikè forè sw enai lgo exezhthmènh.
 ANE : Annihilation Eets (Diadikase Allhlokatastrof )
 EWS : Eletroweak Sale (Hlektrasjen  klmaka enèrgeia)
 BES : Bose Einsten Statistis (Statistik  Bose Einsten)
 CAE : Coannihilation Eets (Diadikase Suggenik  Katastrof )
 CBR : Cosmi Bakground Radiation (Kosmik  Aktinobola Upobjrou )
 [C, H℄DM : [Cold, Hot℄ Dark Matter ([Yuqr , Jerm ℄ Skotein  'Ulh)
 CRD : Cosmi Reli Density (Kosmik  Enapomènousa Puknìthta)
 st. : onstant (stajer)
 CRF : Cosmi Rest Frame (Kosmikì SÔsthma Hrema)
 COBE : Cosmi Bakground Explorer (Kosmikì Aniqneut  Upobjrou)
 FDS : Fermi Dira Statistis (Statistik  Fermi Dira)
 GUT : Grand Uniation (Meglh Enopohsh)
 h.  : hermitian onjugate (Ermitianì Suzugè)
 [N℄LSP : [Next to℄ Lightest Supersymmetri Partile
([Pr¸to met to℄ Elafrìtato Upersummetrikì Swmtio)
 [N℄LO : [Next to℄ Leading Order ([Pr¸th met thn℄ KÔria Txh)
 MBS : Maxwell Boltzamann Statistis (Statistik  Maxwell Boltzamann)
 MD : Matter Domination (Epikrthsh 'Ulh)
 [MS℄SM : [Minimal Supersymmetri℄ Standard Model
([Elqista Upersummetrikì℄ Kajierwmèno Prìtupo)
 RD : Radiation Domination (Epikrthsh Aktinobola)
 RGE : Renormalization Group Equations (Exis¸sei Omda Epanakanonikopohsh)
 SBB : Standard Big-Bang Model (Kajierwmèno Kosmologikì Prìtupo)
 SBT : Soft Breaking Terms ('Oroi asjenoÔ parabash th SUSY)
 [N℄SE : [Non℄ Standard Embending ([Mh℄ Kajierwmènh EmfÔteush)
 SUSY : Supersymmetry (Upersummetra)
 SSB : Spontaneus Symmetry Breaking (Aujìrmhth katrreush th Summetra)
 QE[C℄D : Quantum Eletro-[Chromo-℄dynamis (Kbantik  Hlektro-[Qrwmo-℄dunamik  )
 VEV : Vauum Expetation Value (Anamenìmenh Tim  KenoÔ)
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Apì tou ellhnikoÔ ìrou ligìtera akronÔmia proèrqontai. Paraktw paratjentai aut kai kpoie
qr sime suntmsei:
 An. : Anafor
 Ed. : Edfio
 Ex. : Exswsh
 Sq. : Sq ma
 JDI : Jermodunamik  Isorropa
 IDK : Idiokatstash
 IDT : Idiotim 
